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ABSTRACT
Past practices of produced water management in southeastern New Mexico have
caused impact to ground water at numerous locations. Impacted ground water shows
elevated levels of dissolved solids, including chloride and in some cases petroleum
hydrocarbons. Operators must abate ground water impacts to comply with New
Mexico Oil Conservation Division Rules. This paper discusses the environmental costs
associated with several ground water abatement strategies that might be employed to
cause ground water quality to meet the New Mexico ground water standard for chloride
(250 mg/L).

This investigation examines two sites that exhibit ground water chloride
concentrations ranging from 5,000 mg/L to 1,500 mg/L caused by past produced water
releases. Several strategies to abate contamination could be employed, including natural
attenuation alone, a vadose zone remedy, point-of-use treatment and a pump-and-treat
ground water remedy. Each strategy was evaluated based on ground water cleanup
effectiveness, economic and environmental costs. Applicable regulations concerning
ground water impact under both the New Mexico Oil Conservation Division (NMOCD)
and the New Mexico Environment Department are presented and discussed. After
operating a point-of-use treatment system at one site for several months and evaluating
the efficacy of natural attenuation at the second site, a strategy of natural attenuation
appears to be best for the environment and compliance with NMOCD Rules. Lessons
learned are applied to a decision tool regarding the environmental impact and ease of
operation of similar systems for the future.
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1.0 Introduction
In southeastern New Mexico, “produced water” is brought to the surface as a
consequence of oil and gas production and must be managed to protect the
environment. Total dissolved solids levels are between 2,000 and 100,000 mg/L; spilled
produced water can contaminate the surface and ground water, destroy vegetation, and
impact soil (Veil et al., 2004). Legal produced water handling practices prior to the 1970s
in oil and gas production areas caused intermittent releases that impacted regional
ground water, soils, and vegetation. Today, produced water handling is well monitored
and managed. Companies that handle produced water must keep detailed records of
volumes received, disposal procedures, and report spills to the New Mexico Oil
Conservation Division (NMOCD, 2007).

In 2001 during the closure of a saltwater disposal system, two adjacent sites
about 15 miles northwest of Hobbs, NM showed hydrocarbon and chloride impact in
soil and ground water. The operator reported findings to the NMOCD and began
characterization activities with NMOCD approval to determine the extent and
magnitude of ground water impact. Characterization and abatement activities ensued.
Ground water data collected on a quarterly basis from monitoring wells at these sites
from 2002 to 2007 illustrate that historic releases of produced water impact the
surrounding area over time through elevated TDS concentrations. Ground water
quality measures and hydrogeologic data were collected in the area to determine
background ground water quality concentrations and flow direction. A treatment
system was proposed by former produced water handlers in 2004 to provide water for
beneficial use to land owners in the area. This report presents findings on the site
conditions and the development and operation of a ground water treatment system to
produce potable water for beneficial use, as well as a limited evaluation of alternative
approaches to addressing ground water impacts at similar sites in the area.

The investigations presented in this report were designed to comply with New
Mexico regulations for abatement of impacted ground water, and evaluate alternative
strategies to ground water impact. Lessons learned are used to create a tool for decision
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makers to maximize environmental benefits and minimize costs associated with the
abatement of ground water impairment from produced water releases in southeastern
New Mexico.

Specific objectives for this investigation include:
Review NMED, NMOCD, BLM and State Land Office Regulations


Summarize goals and regulations of regulatory agencies charged with protecting
land and water resources in New Mexico,



Interview regulators working to gain understanding of regional concerns, goals
and strategies (NMED, NMOCD, BLM and the State Land Office)



Compile available data and synthesize main points, document common goals,
regulations and policies.



Identify commonalities, inconsistencies and gaps in regulation by these agencies.

Design, Install, and Troubleshoot Point Source Treatment System at Site


Select suitable treatment process to deliver potable quality water at the site



Address system failures, replace weak system components, prevent accidental
leaks



Add features to allow for system to operate remotely



Create data collection system to support operation and maintenance

Evaluate Economic and Environmental Impacts of Five Abatement Strategies



Analyze limited economic and environmental costs of five ground water impact
abatement strategies:


Natural attenuation alone



Vadose zone remedy alone



Ground water pumping to remove contaminant mass & a vadose zone
remedy



Potable water production through reverse osmosis treatment & a vadose
zone remedy
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High TDS water production for industrial reuse through hydrocarbon
removal and a vadose zone remedy



Compare and evaluate economic and environmental costs and benefits of these
possible abatement strategies

Create Decision Matrix for Selecting Abatement Strategy Based on Site
Characteristics and Selected Values


Create a matrix to allow regulators and system operators to compare site
characteristics, treatment goals, and water needs to choose an appropriate
ground water impact abatement option

The salt water disposal system in question served an area approximately 5 miles
long and 4 miles wide from 1967 to approximately 2001. In 2001, during the closure of a
former saltwater disposal system, two adjacent sites (approximately 1,250 feet apart)
about 15 miles northwest of Hobbs, NM, showed hydrocarbon and chloride impact in
soil and ground water. These sites were characteristic of many salt water handling
stations in the area, and located in a region developed for oil and gas production. Both
had a redwood tank 26 feet in diameter and 8 feet tall. These tanks had a capacity of
over 100 barrels (§ 4,200 gallons) each. Both sites, here referred to as Site A and Site B,
had a salt water disposal well to inject salt water into the deep subsurface. Site B had an
emergency pit to handle additional produced water in the event of an overflow.
Records of salt water handling for these sites are not available for the 34 years of
operation, but one source indicates that in 1997 the salt water disposal well at Site A
injected over 200,000 barrels of produced water, and the well at Site B over 150,000
barrels, in one month. This allows for an estimate of 4.2 million barrels of produced
water injected via the wells at these two sites per year. For much of the time of
operation, legal salt water handling practices included the use of red-wood tanks which
were known to occasionally leak.

This report is organized with 12 separate sections. Following this introduction,
Sections 2 through 5 present background information on oil and gas in NM,
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hydrogeology and environmental concerns as well as the regulations that apply to sites
with ground water impact in the state of New Mexico. Section 6 presents the history of
events at Sites A and B. Sections 7 and 8 discuss five possible abatement strategies:
natural attenuation alone, natural attenuation and a vadose zone remedy, or both of
these coupled with ground water pumping to remove contaminant mass, a point source
treatment system to create potable water, or a limited treatment system that produces
saline water suitable for industrial use. Section 9 presents the fiscal cost of each strategy,
section 10 discusses environmental impacts of such strategies. In Section 11, a decision
matrix that employs specific site characteristics, the discussed abatement strategies and a
number of values to select an appropriate abatement strategy is introduced. Other
decision matrices regarding a point source treatment system in particular are presented.
Given the site characteristics and regulatory goals, a limited ground water treatment
option paired wit a vadose zone remedy appears to be the best abatement strategy for
the sites discussed. Section 12 presents conclusions and recommendations, highlighting
the best abatement strategy for the case study as selected by the proposed decision
matrices.
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2.0 Oil and Gas in New Mexico
This section provides background into the extent of oil and gas operation in NM
and introduces issues surrounding the disposal of produced water. Information
presented in this section was collected from the New Mexico Oil and Gas Association
website, the NMOCD website, and the NMEMNRD website, unless otherwise noted.
The state of New Mexico is a significant source of crude oil and natural gas in the United
States. The majority of New Mexico natural gas comes from the San Juan Basin in the
northwestern corner of the state. The majority of NM crude oil comes from the New
Mexico portion of the Permian basin, located in the southeastern corner of the state.
Figure 3.1 shows the locations of these basins as mapped by the New Mexico Bureau of
Geology and Mineral Resources.
Figure 2.1 Oil and Gas Production in NM, NMBGMR, 2007.
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The New Mexico Energy, Minerals and Natural Resources Department reports
that New Mexico ranks high in state production and reserves of current producing
states:


Third in natural gas production and third in proven gas reserves



First in both production and reserves of coal bed methane



Fifth in crude oil and production and fourth in reserves

In 2005, New Mexico produced 60.7 million barrels of crude oil (including
condensate) and 1,592 billion cubic feet (BCF) of natural gas. Of this, Lea and Eddy
counties led crude oil production with 35.8 million and 21.4 millionbarrels respectively
(NMOGA website, 2007). Figure 2.2 shows the boundaries of these counties and their
rank in oil production in 2000, as presented by the New Mexico Oil and Gas
Association’s website.
Figure 2.2 Oil and Gas Production by County. NMOGA, 2007.

An estimated 750 oil and gas industry related companies support this production
in NM and approximately 23,000 New Mexicans are “economically supported” through
industry related work (NMOGA website, 2007). In the 1930s, 40s and 50s, taxation
revenue from the oil and gas industry brought in more than 80% of the state’s total
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revenue (EMNRD Annual Report, 2006). In recent years, the industry has accounted for
about 25% of total revenue - $1.3 billion in the 2006 fiscal year. Oil production occurs on
federal, state, private, and Indian lands. Extraction on state and federal land requires a
surface lease. In this case, as well as in those in which production companies own
mineral rights but not the land surface, restoration of the surface is required after
production activities cease. Figure 2.3 presents oil production by land type (EMNRD
Annual Report, 2006):

Figure 2.3 Land Used in Oil Production, EMNRD, 2006.
2005 Oil Production by Land Type
Private
20%

Indian
1%
Federal
42%

State
37%

NMOGA estimates that New Mexico crude oil reserves are 718 million barrels
and crude oil production is currently 184 thousand barrels per day (NMOGA website,
2007). Given this estimate, New Mexico could continue extraction at this same rate for
approximately another 10.7 years.
2.1 Regional Setting - Lea County
The Lea County Factbook was consulted for much of the information provided in
this section. The area now known as Lea County hugs the southeastern border of New
Mexico and was originally settled in 1907, with sparse populations drawn by free land
and congregating in settlements that would later become the cities of Hobbs, Artesia,
Lovington, and the town of Tatum. Oil was discovered in the Hobbs area in June of
1928; Hobbs was incorporated in September of 1929, and the oil and gas industry has
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been an integral part of the life and economy of the area ever since. The city of Hobbs is
the largest in the county with 28,000+ residents counted in the 2000 census. Other
municipalities in the county include Eunice and Jal, Figure 2.4 shows the general
locations of Lea County cities and towns, as shown on the Lea County Economic
Development website.
Figure 2.4 Map of Lea County, Lea County, 2007.

2.2 Produced Water
Within subsurface formations, reservoirs containing petroleum hydrocarbons
(liquid and gas) generally also contain water. When oil and gas is extracted, this water
is brought to the surface as well, and called “produced water” or “formation water”.
Produced water reflects the properties of the rock formations that contained it and
usually has high levels of dissolved salts (expressed as salinity, total dissolved solids or
conductivity), as well as other inorganic and organic compounds, depending on its
source. Ratios of extracted hydrocarbons to produced water vary with production wells,
but in general, more water is extracted from older oil producing wells than from new
(NMOCD website 2007. Class II Well Facts). The Produced Water Management
Information System (PWMIS) reports that on average, wells in the United States
generate 7 barrels of produced water for every barrel of oil. The United States is
estimated to generate 15-20 billion barrels of produced water annually (1 barrel = 42 US
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gallons) (PWMIS website, 2007). In New Mexico, an estimated 10 barrels (bbls) of salt
water are produced with every barrel of crude oil (NMOCD, 2007).

Produced water may contain 2,000- 100,000 mg/L Total Dissolved Solids (TDS).
In Wyoming and Montana, produced water has lower TDS levels and may be
discharged to the surface or used to water livestock or irrigate crops (under careful
management to prevent salt buildup in soil) (Veil et al., 2004). Because of the poor
quality of the water it must be handled with care to prevent accidental releases. Saline
water with TDS levels this high will kill vegetation, may inhibit growth in impacted soil,
and may make surface water and ground water unsafe to drink.

In the United States, the Federal Underground Injection Control (UIC) program
was created under provisions of the 1974 Safe Water Drinking Act (NMOCD website
2007. Class II Well Facts). The UIC establishes minimum requirement for salt water
disposal via injection to protect underground sources of drinking water (USDW) from
contamination by the operation of injection wells. New Mexico has primary regulatory
authority from the United States Environmental Protection Agency (USEPA). Produced
water is therefore regulated by the New Mexico Oil Conservation Division (NMOCD),
which classifies “wells used to dispose of fluids associated with the production of oil
and natural gas (hydrocarbons); to inject fluids for enhanced recovery; or for the storage
of liquid hydrocarbons” as “Class II” wells. The NMOCD estimates that there are just
over 600 salt water disposal wells in New Mexico and over 3,300 enhanced recovery
injection wells (NMOCD website, 2007). As produced water is primarily associated with
oil production, the majority of these wells are located in southeastern New Mexico.
Because injection wells are expensive to drill and operate, miles of pipeline have been
constructed to handle and channel the water from production sites to these injection
wells.

New Mexico regulators estimate 540 million bbls of produced water were
extracted during oil production in 2002. Of this, 190 million bbls (about 35%) were
disposed of through deep well re-injection and the remaining 350 million bbls were
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injected for enhanced recovery (NMOCD website, 2007). Enhanced recovery wells are
employed by the industry to increase and prolong oil production from oil producing
fields that are being depleted. In this instance, produced water is injected into the oil
producing formation to drive oil into pumping wells. Salt water disposal wells, in
contrast, inject produced water into non-hydrocarbon bearing geologic formations. As
these wells must drill past USDW aquifers, use of cement casing around the injection
pipe as it passes through fresh aquifers and for several feet above the receiving geologic
formation prevents contaminating drinking water with salt water.

Oil and gas producers estimate that they spend approximately $0.69 cents per
barrel of produced water to dispose of produced water via re-injection in New Mexico

(Veil et al., 2004). In New Mexico, where 10 barrels of produced water are produced
with every barrel of oil, this is the equivalent of $6.90/barrel of oil recovered if all
produced water was disposed of, a significant portion of oil production costs. Given the
estimate of injection disposal volumes of 190 million barrels annually, this translates to a
cost of about $131.1 million each year.

New Mexico is a large producer of oil and gas and produced water in the state
presents a significant cost to oil producers and problem for the environment. How
produced water is handled, how accidental releases impact ground water in New
Mexico and strategies to address impacts as well as the environmental costs of these
strategies have implications for ground water quality in New Mexico for years to come.
In the following section, the specific characteristics of the sites are presented as well as
background information on subsurface dynamics and contaminant fate and migration.
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3.0 Hydrogeology of Setting
3.1 Ground water
The hydrogeology of the local area must be considered when designing a
remediation strategy for the two contaminated sites discussed below. As noted, the
Ogallala aquifer is found in the area, providing municipal water supplies throughout
Lea County. Figure 3.1 shows the boundaries of the Ogallala aquifer as presented by the
North Plains Groundwater Conservation District (NPGCD). The aquifer stretches from
South Dakota to Texas, and is found in southeastern New Mexico. According to the
NPGCD, the Ogallala Formation ranges from a few feet to more than 525 feet saturated
thickness. Thickness is primarily dictated by pre-Ogallala morphology. This ground
water is generally fresh, with TDS between 300 and 1,000 mg/L.
Figure 3.1 Map of Ogallala Aquifer, NPGCD, 2007.
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All municipalities in Lea County draw their water from the Ogallala aquifer, and
thus see similar water quality. Hobbs has 26 ground water wells providing about 246+
million gallons a month. The city treatment system is limited to the addition of chlorine
before distribution. Table 3.1 presents some of the water quality parameters of
municipal water supplies, showing that regional chloride and TDS levels are relatively
high, although below required drinking water standards.
Table 3.1 Hobbs Municipal Water Quality Data, Lea County, 2007.

Constituent
Chloride
TDS
Hardness (total)
Calcium

(mg/L)
99.7
476
295
122

3.2 Hydrogeology

In Lea County, the Dockum Group red beds form an aquiclude below the
Ogallala and alluvial aquifers. The Ogallala has a saturated thickness of about 150-255
feet from Hobbs to Tatum and likely in the area of the two contaminated sites being
examined in this study (Nicholson and Clebsh, 1961). In a Technical Report for the
Office of the State Engineer, hydrogeologists estimated that hydraulic conductivity for
the Ogallala outside of Hobbs to be about 50.5 feet/day, with a Specific Yield of 0.23,
thickness of 125 feet and transmissivity of about 6,300 ft2/day (Musharrafieh and
Chudnoff, 1999). Depth to water in the area was known to be about 40 feet below
ground surface until about the 1960s. Pumping in the area caused ground water levels
to drop, and the depth to water in the area is currently about 55 feet below ground
surface. Regional ground water quality has been impacted by various oil and gas
operations in recent decades. Background conditions are generally recognized to
include chloride levels of about 150-300 mg/L. Analyses of ground water levels at the
sites and in the area indicate that regional ground water flows to the southwest.

The Ogallala Formation is present throughout much of the area and is underlain
by the Dockum Group redbeds. The Dockum Group red beds act as a confining layer
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beneath the Ogallala and alluvial aquifers. Observed sediments in the Ogallala
formation are dominated by unconsolidated sand, silt, clay and gravel. Near the top of
the formation, caliche is encountered in much of the area due to precipitation of calcium
carbonates in Ogallala sediments. Well logs nearby that the depth to water is around 50
feet and total depths of as much as 150 feet do not encounter the redbeds. A
potentiometric surface map created from 2001 water levels in USGS wells indicated that
ground water in the area is flowing in a southwest direction.
3.3 Vadose Zone

In the vadose zone at both sites, fine-grained well-sorted sands are encountered
roughly from the surface to 20 feet below ground surface (bgs). Hard caliche lies from
about 20- 25 or 28 feet bgs. Below this caliche, very fine grained sand-silt dominates the
subsurface all the way to the capillary fringe. The characteristics of the lithology of the
vadose zone (together with physical characteristics of the spill and the regional weather
patterns) have a significant influence over the fate and transport of fluid releases at the
surface.
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4.0 Hydrology and Environmental Concerns – Background Information
4.1 Contaminants in the Subsurface

Assessing ground water impact and designing a remediation strategy requires an
understanding of the physical and chemical processes affecting the fate and transport of
contaminants. This chapter provides the necessary background on the physical,
chemical and biological processes that could impact the fate and transport of
contaminants at the two impacted sites that are being addressed in the report. In their
evaluation of the success of pump and treat systems for ground water impact, the NRC’s
Committee on Ground Water Cleanup Alternatives noted that the characteristics of the
subsurface as well as the characteristics of a released contaminant can greatly effect the
relative ease of ground water cleanup strategies. The table below presents their
estimated ease of cleanup of contaminants such as dissolved hydrocarbons (mobile,
dissolved, degrades/volatilizes) and chlorides (mobile, dissolved) in ground water
depending on hydrogeology.
4.2 Physical Characteristics of Subsurface Environment

Water is stored in the subsurface in both the vadose zone, (unsaturated zone – trapped,
along with some air, in pores between grains) and in aquifers (saturated zones). There
are two general types of aquifers: consolidated aquifers exist when ground water
saturates uncemented granular materials such as sand and gravel, and unconsolidated
aquifers are made up of essentially rock with water stored in fractures, channels and
joints (although interstitial pore spaces in sandstone may contain water as well).
Hydraulic conductivity is a measure of an aquifer’s ability to transmit water. A sandy
aquifer has a hydraulic conductivity approximately 2 orders of magnitude above a silty
sand aquifer (typically 30 and 0.3 meters per day, respectively). The hydraulic
conductivity is indicative of how much water a well in an aquifer may produce and
thus, how easily dissolved contaminants may be removed; it may also influence,
together with the transmissivity (saturated thickness of an aquifer and the hydraulic
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gradient), the pace of contaminant migration. Since fractured flow is uncommon in the
area of study, it will not be discussed here. Table 4.1 presents hydraulic properties of
aquifers important to ground water cleanup.
Table 4.1 Hydraulic Properties of Aquifers Important in Ground Water Cleanup, (NRC, 1994).

Property

Description

Importance for Ground Water
Cleanup

Porosity

Volume of pore space relative to
the total volume

Pores store water and
contaminants

Effective porosity

Interconnected pore space that
can transmit fluid

Water and contaminants flow
through interconnected pores

Ground water
velocity

Rate of fluid movement

Influences the direction and
velocity of dissolved
contaminant movement

Hydraulic gradient

Elevation and pressure
differences that cause fluids to
flow

Influences the direction of
contaminant movement

Hydraulic
conductivity

Influences the rate at which
Ease with which water can move
fluid can be pumped for
through a formation
treatment

Transmissivity

Product of formation thickness
and hydraulic conductivity

Influences the rate at which
fluid can be pumped for
treatment

Storage coefficient

Volume released by pressure
changes per unit area during
pumping in a confined aquifer

Influences the quantity of fluid
that can be obtained by
pumping

Specific yield

Fraction of total pore volume
released as water by gravity
drainage during pumping of an
unconfined aquifer

Influences the quantity of fluid
that can be obtained by
pumping

Specific retention

Fraction of total aquifer volume
Influences the quantity of
retained as water above the water
contaminant that remains in the
table after pumping an
subsurface after pumping
unconfined formation
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4.3 Ground Water Flow

Ground water is usually flowing, although at a much slower rate than that
observed in surface waters. Ground water flow is influenced by precipitation, which
recharges aquifers, by the characteristics of the materials in the aquifer, and by elevation.
Water may also seep down through the subsurface layers, moving more rapidly through
highly porous materials and slowed by relatively impervious layers (or “confining
beds”). Figure 4.1 shows how pumping wells can affect the direction and flow of
ground water.
Figure 4.1 Schematic Sections of Ground Water Flow, Natural Conditions Vs. Conditions
Affected by Pumping (USGS, 2000).
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4.4 Vadose Zone

According to Vadose Zone Hydrology (Stephens, 1995), the vadose zone has these
general characteristics:



“The vadose zone lies below the land surface and above the regional water table.



Pore water pressure within most of the vadose zone is usually less than
atmospheric pressure, although some areas of completed saturation and positive
fluid pressure may occur



Flow properties are dependent upon the degree of saturation in the pore space.”

Figure 4.2, from The Elements of Physical Hydrology (Hornberger et al., 1998)
presents the distribution of moisture in the vadose zone and the classification of waters
according to Meinzer (1923). As pore spaces may contain varying levels of moisture and
air, ǉ indicates volumetric moisture content in pores; this is graphically depicted to the
right of the figure.
Figure 4.2 Distribution of Moisture in the Vadose Zone. (Meinzer, 1923).
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Near the surface moisture content is significantly influenced by interactions with
the atmosphere and the physical draw on moisture by plant roots. Precipitation and
ponding on the surface may drive moisture down through this area, and evaporation
and the transpiration of plant roots (evapotranspiration) may pull moisture up through
this area. In unsaturated zones below 1-3 meters, atmospheric conditions have a smaller
effect on soil moisture; water flows in this intermediate zone are approximately steady.
Near the saturated zone, or water table, capillary action raises water up into the pores of
soil and rock. This area in direct contact with the aquifer is called the capillary fringe.

A key to understanding the vadose zone is in noting that fluid flow through
unsaturated zones often results in counterintuitive behavior. For example, under
unsaturated conditions, flow through coarse material is slower than flow through fine
materials. This is due to the fact that gravels have relatively “large” pores that fill with
air and essentially stop water flow. Clays, conversely, with their “small” pores fill more
readily with water and thus conduct moisture at higher rates than gravels. Gravel layers
are often called “capillary barriers” to flow, and are used to cap landfills and stop or
significantly slow migration of fluids from the surface to ground water. Figure 4.3,
graphically depicts how hydraulic conductivity of clay is higher than gravel in
unsaturated conditions, and lower than gravel in saturated conditions.
Figure 4.3 Hydraulic Conductivity of Clay vs. Gravel (Hornberger, et al. 1998)
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4.5 Geochemical Transfer of Contaminants

Some of the geochemical processes that effect contaminants, in the subsurface, as
presented in Alternative to Groundwater Cleanups, (NRC, 1994) are listed below:


Dissolution/precipitation – reactions that dissolve or precipitate solids (natural
minerals)



Oxidation/reduction – reactions that add electrons to (reduce) or remove
electrons from (oxidize) chemicals, altering their chemical form



Sorption/desorption – reactions that transfer a substance from the fluid phase
(solvent) to the solid phase (sorbent), or vice versa



Ion exchange – exchange of ions in clays for ions in solution, with charge balance
maintained



Complexation – interactions between chemicals in solution that generate
combined chemical species, such as ion pairs, or complex ions

4.6 Biological Degradation of Contaminants

Two classes of bacteria play large roles in the subsurface: aerobic organisms that
require oxygen to degrade organic compounds, and anaerobic organisms, which use
substances other than oxygen in degrading organic compounds. Microorganisms in
uncontaminated aquifers are usually limited by the lack of available organic carbon,
which is required for their growth and reproduction. Microorganisms in the subsurface
environment consume and degrade organic matter, including contaminants with
organic content. For this reason, encouraging microorganism growth is a common
strategy for ground water treatment in aquifers impacted by carbon based contaminants.
With sufficient oxygen, microorganisms can oxidize and reduce levels of hydrocarbons
in ground water. Ground water with microorganisms at work oxidizing organic matter
will show depressed levels of dissolved oxygen as microorganisms consume it. Adding
oxygen to a subsurface environment can accelerate organic contaminant degradation.
Where sufficient oxygen and a large source of metabolizable organic carbon are both
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present, lack of nutrients such as phosphorous, nitrogen and sulfur may limit bacterial
growth.
4.7 Characteristics of Contaminant Migration

Contaminant migration in the subsurface is influenced by the chemical
properties of contaminants and the characteristics of the subsurface. A chemical
entering the subsurface as a liquid may dissolve into the water in pore space, volatilize
into air within pores, or become an entrapped residual remaining in pore spaces. In the
vadose zone, liquid contaminant migration will be generally downward due to
gravitational pull. Volatilized contaminant can move laterally as well as vertically.
Once it comes in contact with the saturated zone, some of the contaminant will dissolve
into water and flow with it, some of heavy contaminant volume may sink through the
saturated zone, light contaminants may float, spreading laterally to form a “lens” on the
top of the saturated zone. These scenarios illustrate the three most prominent potential
contaminant transport mechanisms: aqueous-phase transport, vapor-phase transport
and transport as a Non-Aqueous Phase Liquid (NAPL). Since the case studies involved
in this investigation are concerning volatile organic constituents and dissolved inorganic
constituents, discussion below is limited to cleanup scenarios for the first two of these
migration schemes.
4.8 Ground Water Cleanup

A 1994 Committee on Ground Water Cleanup Alternatives’ assessment is
presented in the NRC’s publication Alternatives for Ground Water Cleanup. The
committee notes that while many of the study’s sites have not achieved the stated
treatment goal of ground water quality suitable for drinking without additional
treatment, there are degrees of success observed. The committee considers four possible
levels of treatment success: unequivocal failure, prevention of additional exposure to
contamination, reduction of additional exposure and significant shrinkage of the area
affected by the contamination, and unequivocal success, as defined in Table 4.2.
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Table 4.2 Continuum of Possible Results for Pump-and-Treat Systems. NRC, 1994.

Result
Unequivocal failure

Explanation
Fails to contain subsurface sources of contamination and
to clean up the plume of dissolved contaminants
emanating from source areas

Prevention of additional
exposure to contamination

Contains subsurface sources of contamination and
prevents the plume of dissolved contaminants from
increasing in size.

Reduction of additional exposure
and significant shrinkage of the
area affected by the
contamination

Contains subsurface sources of contamination and
possibly reduces the amount of contaminant mass in
source areas; cleans up part of all of the plume of
dissolved contaminants to health-based standards

Unequivocal success

Fully removes sources of contamination and cleans up the
plume of dissolved contaminants to health-based
standards

Traditional pump and treat systems pump impacted ground water to the surface,
and treat it for contaminants of concern. Treated water may be re-injected into the
subsurface or discharged at the surface. Pump and treat systems with a goal of
returning the aquifer to drinking water standards are generally more costly and
aggressive, pumping larger volumes more rapidly than systems designed to contain
contaminants.

The degrees of cleanup success identified by the NRC serve as an
acknowledgement that various levels of cleanup may be satisfactory depending on site
characteristics and society goals. In cases when no receptor is identified for
contamination, and no risk to human health or the environment is created, perhaps its
full removal is a poor allocation of resources. The ease of cleanup is influenced by
characteristics of the release, the contaminant itself, and the physical characteristics of
the area of release. The NRC presents the relative difficulty of cleanup in Table 4.3.

21

Table 4.3 Relative Ease of Clean up of Contaminated Aquifers as a Function of Contaminant
Chemistry and Hydrogeology. (adapted from NRC, 1994).

Hydrogeology

Contaminant Chemistry
Mobile,
Mobile, Dissolved
Dissolved
hydrocarbons,
(degrades/volatilizes)
(ie chloride)

Homogeneous, single layer

1*

1-2

Homogeneous, multiple layers
Heterogeneous, single layer
Heterogeneous, multiple layers
Fractured

1
2
2
3

1-2
2
2
3

*Relative ease of cleanup, where 1 is easiest and 4 is the most difficult
The committee considers cleanup of some contaminants not listed as more
difficult than those considered above. While an in-depth discussion of the fate and
transport of contaminants is beyond the scope of this paper, some basic tenants of
subsurface dynamics are important to understand.

In the following section, the regulations applicable to ground water in the state of
New Mexico are administered by the New Mexico Environment Department and the
New Mexico Oil Conservation Division. Requirements of these agencies influence the
timing and response to contaminant releases throughout the state. In later sections, a
case study of two adjacent sites with produced water impact to ground water illustrate
ground water flow and contaminant migration and steps taken to meet New Mexico Oil
Conservation Division requirements. The case study will present context for the
following ground water remediation strategy analyses and decision matrices to assist in
their selection.

22

5.0 Regulation of soil and ground water impact in NM
The Safe Drinking Water Act was passed in 1974, requires the Environmental
Protection Agency (EPA) to set drinking water standards for sources and potential
sources of drinking water, both above and below ground surface. As amended in 1977,
the Federal Water Pollution Control Act became known as the Clean Water Act (CWA),
and created a structure to regulate discharges of pollutants to navigable waters of the
United States. The EPA was also given authority to set wastewater standards for
industry. The CWA established the NPDES permit system to administer point source
discharges of any pollutant to surface water (EPA, 2007).

In late 1980, the Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA) was passed to create a tax on chemical and petroleum industries
and give the Federal government wide authority to respond to past and threatened
releases of hazardous substances that may endanger the public health or environment.
According to the Center for Public Integrity’s investigative report (Sapien & Mullins,
2007), the tax for CERLCA expired in 1995 and the fund this tax fueled ran out in 2003.
Since then, the program has been funded by taxpayer dollars and money the EPA
recovers from responsible parties. These federal laws and others that support them are
the basis for the enforcement of environmental regulations across the United States.
Each state has power to regulate local environmental concerns, and thus regulations
vary.

The New Mexico Water Quality Act created the authority for water quality
management in New Mexico in 1978. This law created the Water Quality Control
Commission (WQCC, Commission) and established it as the state water pollution
control agency for New Mexico. The WQCC is entrusted with the enforcement of the
CWA in New Mexico. As such, the Commission has duties and powers including the
adoption of a comprehensive water quality management system, the development of a
planning process, and the adoption of water quality standards and regulations. The law
that created the commission states that standards and regulations shall be established to

23

“prevent or abate water pollution in the state or in any specific geographic area or
watershed of the state… or for any class of waters” (NMED, 2007).

In New Mexico, several agencies have been authorized to enforce laws designed
to protect water, public health, the environment, and property. In some cases, more
than one agency may have jurisdiction over the same site. The discussion below will
look at the New Mexico Environment Department (NMED), the New Mexico Oil
Conservation Division (NMOCD) (as run by the New Mexico Energy, Minerals and
Natural Resources Department), the Bureau of Land Management (BLM) and the New
Mexico State Land Office (NMSLO). Each of these entities may encounter releases of
petroleum products or produced water and each has set regulations and procedures for
them. Below is a summary of the goals, jurisdiction and regulations of each entity with
special interest toward how compliance is achieved once a spill has occurred and when,
if ever, alternative abatement standards are permitted.
5.1 NMED goals, jurisdiction, regulations

The New Mexico Environment Department in July of 1991, under the
Department of the Environment Act by the 40th Legislature, the New Mexico
Environment Department was created. Information regarding the NMED and its subgroups is available on its website. The department reports that its mission is “to provide
the highest quality of life throughout the state by promoting a safe, clean, and
productive environment.” (NMED, 2007).

Within the NMED the following divisions deal directly with environmental
oversight in the state: Water and Waste Management Division, the Environmental
Protection Division, and the Environmental Health Division. The Water and Waste
Management Division oversees the: Hazardous Waste Bureau, Ground Water Quality
Bureau, Surface Water Quality Bureau, and the DOE Oversight Bureau. The
Environmental Protection Division oversees the Solid Waste Bureau, Air Quality
Bureau, Occupational Health & Safety, and the Petroleum Storage Tank Bureau.
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The Ground Water Quality Bureau (GWQB) and the Petroleum Storage Tank
Bureaus (PTSB) will be highlighted here due to their relevance to strategies concerning
impacted ground water in New Mexico. The WQCC has established numerous ground
water quality standards that must be complied with in New Mexico and the PTSB
routinely deals with ground water impacted by petroleum products due to leaks in
underground and above ground storage tanks. The policies and regulations of these
two agencies address issues similar to those found in oil and gas production.
5.1.1 The Ground Water Quality Bureau
Information on the Ground Water Quality Bureau is presented on the NMED
website. The GWQB defines its mission thus: “to preserve, protect, and improve New
Mexico’s ground-water quality for present and future generations”. The role of the
GWQB is mandated by the WQCC, “to identify, investigate and clean-up contaminated
sites which pose significant risks to human health and the environment”.

The ground water quality bureau includes five sections: the Ground Water
Pollution Prevention Section, the Mining Environmental Compliance Section, the
Remediation Oversight Section, the Superfund Oversight Section, and the Grants and
Planning Section. Of these, the Remediation and Oversight Section “administers the
Water Quality Control Commission regulation clean up requirements through the
Compliance and Enforcement Program (CEP), implements the state’s Voluntary
Remediation Regulations through the Voluntary Remediation Program (VRP) and
oversees cleanup of contaminated soils and ground water.” (NMED, 2007).

The Compliance and Enforcement Program (CEP) administers sections of the
WQCC regulations,(20.6.2 Subparts 1 and 4 NMAC) with the same mission and goals:
“to require site clean up of soil and ground water to protect human health and the
environment” (NMED, 2007). Spills and releases of contaminants are addressed under
two tiers by the CEP, the first for cleanups expected to last less than 180 days and the
second for those expected to require longer timeframes.

25

When an unauthorized discharge (spill) occurs, the NMED regulations require
(NMED website, 2007):
1. Verbal notification of the spill to the NMED within 24 hours.
2. Submission of a written Corrective Action Report (CAR) within 1 week.
3. Submission of a detailed CAR within 15 days – this report should describe action
taken and planned. The NMED may require an Abatement Plan should the spill,
with reasonable probability, cause water pollution or not be abated within 180
days.

Regulations do not give specifics on how spills can or should be remediated.
This gives flexibility for a plan to be tailored to specific site specifics. As CARs are
subject to NMED approval, it is probably prudent to discuss expected and required
results with NMED personnel.

Any accidental spill requirements begin with the list above. Should, however,
the spill be considered of sufficient mass and extent to warrant an Abatement Plan,
additional steps are required by the NMED. In these cases the department should
“assure that subsurface water pollution with a background concentration of 10,000
mg/L TDS or less is remediated or protected for water supply use” (NMED, 2007). The
abatement standards state that the vadose zone (non-water saturated soil) shall “not be
capable of contaminating ground water; toxic pollutants shall not be present; and that
WQCC ground water standards of regulation 20.6.2.4103 NMAC shall be met.” Further,
8 consecutive quarters (or approved equivalent demonstration) of ground water
sampling showing quality below WQCC standards for all constituents is required for
abatement to be considered complete. These requirements summarize the requirements
of the NMED for closure of a ground water impacted file in almost every case.
Regulators interviewed knew of none or few exceptions to this rule. Although there are
a few possibilities for deviation written into regulation (as shown above, in reference to
an “approved equivalent demonstration”), the general practice in the state of New
Mexico is to require remediation of the vadose zone to the satisfaction of the regulating
agency and eight consecutive quarters of ground water sampling showing quality below
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WQCC for all constituents. This means all monitoring wells must be below prescribed
levels for 2 monitored years. There are a number of sites with open files with the NMED
that have highly localized impact (for example, contaminant is not observed more than
50-200 feet from the source of the contaminant) with perhaps only one well showing one
constituent very slightly above the standard in a shallow aquifer that no one uses for
drinking water, and closure will not be granted until these rules are met.

The following steps are required for sites in this category:
1. Submission of a Stage 1 Abatement Plan (AP) must be submitted within
60 days of its requirement. The Stage 1 Abatement Plan should propose a
site investigation that will sufficiently define site conditions. The
proposed investigation should provide the necessary data to determine
the “nature and extent” of impact in the subsurface that exceeds WQCC
standards.
2. Upon receipt of a Stage 1 AP, a news release will be issued by the CEP
within 30 days.
3. The CEP has 60 days to approve or disapprove of the proposed Stage 1
AP. Some directive about how the AP is deficient must accompany
disapproval.
4. Upon approval of a Stage 1 AP, the proposed plan must be implemented.
Record of the monitoring program (which must remain active) should be
submitted. The monitoring program may be modified with approval.
5. Once Stage 1 AP activities are concluded a final site investigation report
should be submitted. Should this report be approved, the NMED will
require a Stage 2 AP proposal within 60 days.
6. The Stage 2 AP is a report that evaluates, selects, and designs an
abatement option that will meet AP standards. The Stage 2 AP proposal
must include public notice of the proposal. The CEP requires proof of
public notification within 30 days of receipt of the Stage 2 Proposal.
7. Within 60 days of receipt of the Stage 2 AP, the CEP will approve the
proposal or indicate its deficiency.
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8. Approved remediation strategies are implemented.
9. Once abatement standards are achieved for 8 consecutive quarterly
monitoring events, the responsible party must submit an abatement
completion report for approval.

“No Further Action” status is approved at the discretion of the NMED and, when
granted, effectively closes the site file. Once a site file is closed, it is customary to plug
and abandon monitoring wells following an approved protocol.

Stage 1 Abatement Plans general include the installation of monitoring wells and
propose ground water and soil sampling to determine the mass and magnitude of the
release. These reports should provide for investigation sufficient to reasonably
understand subsurface hydrologic conditions (such as depth to water, vadose zone
profiles and ground water flow direction) and the impacts or threats to human health
and the environment caused by the release. Monitoring programs often track soil and
ground water quality through time.

The NMED reports that the CEP encourages remediation strategies that will
speed up or reduce the cost of clean up while achieving standards. The requirements for
cleanup procedures and reports are stringent and involved; the NMED encourages
responsible parties to hire experienced professionals to conduct investigations and
create the reports required. Abatement activities can be both time consuming and
costly.
5.1.2 Petroleum Storage Tank Bureau
The Petroleum Storage Tank Bureau (PSTB) maintains district offices throughout
the state. According to their webpage, the PSTB’s mission is: “To reduce, mitigate and
eliminate the threats to the environment posed by petroleum products or hazardous
material or wastes released from underground and above ground storage tanks.” (PSTB,
2007).
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The regulations regarding petroleum storage tanks rely on the authority granted
in the 1978 Hazardous Waste Act and the 1978 Environmental Improvement Act.
Current regulations were instituted in 2003, replacing regulations initially filed in 1990
and replaced in 1995. The 2003 regulations are in effect and found in Title 20
Environmental Protection, Chapter 5 Petroleum Storage Tanks, Parts 1-17. Reporting
and Investigation of Suspected and Confirmed Releases is covered in Part 7 and
Corrective Action for Storage Tank Systems Containing Petroleum Products is detailed
in Part 12. According to these regulations, owners or operators of a petroleum storage
tank should take the following steps in the case of a spill or release:
1. Give verbal notice of the spill, release, or suspected release to the PTSB within 24
hours
2. Submit a written report of the spill, release, or suspected release within 14 days

The regulations give definitions of suspected releases and confirmed releases and
outline proper investigation of suspected releases. Although both the owner and the
operator of a tank are liable in the event of a release, only one must report the spill,
release, or suspected release. Spills and overfills must be contained and cleaned up
immediately. Reporting as described above is required if:
The spill or overfill of petroleum results in a release to the environment of over



25 gallons or unknown, causes a sheen on nearby surface water, or creates a
vapor hazard,
or


The spill or overfill of a hazardous substance causes a release to the
environment equal to or greater than the reportable quantity under CERCLA.
In this case, the National Response Center and applicable state and local
authorities must also be notified.

In the cases of spills and releases of petroleum products under 25 gallons in
volume, or of hazardous substances under the reportable limit, spills should be
contained and cleaned up, but reporting is not required unless cleanup cannot be
achieved within 24 hours.
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The objective of corrective action for storage tank systems containing petroleum
products is: “to provide for corrective action as sites contaminated by releases from
petroleum storage tank systems and to protect the public health, safety and welfare and
the environment of the state.” (NMAC 20.5.12.6). Table 5.1 presents the “Default
Corrective Action Timeline” in the regulations for releases from petroleum storage
tanks.
Table 5.1 Timetable for PSTB Submissions, PSTB 2007

Deadline in
Days from
Report date
0
3
14
60
60
60
120
150
180
210
510
570
935
935
510
540
600
690
965

Action or Deliverable Due
Report release or report confirmation of suspected release
72-Hour Report
14-Day Report
Submit NAPL Assessment
Initiate interim removal of contaminated soil
Preliminary Investigation Report
Secondary Investigation Report
Tier One Evaluation Report
Tier Two Evaluation Report
Tier Three Evaluation Report
When monitored natural attenuation is used:
Monitored Natural Attenuation (MNA) Plan
Implementation of MNA
First Annual MNA Monitoring Report
Annual Evaluation of MNA Report
When other remediation is used:
Conceptual Remediation Plan
Final Remediation Plan
Implementation of Remediation
First Quarterly Monitoring Report
Annual Evaluation of Remediation System Report

The PSTB follows the same requirements for open file closure that the GWQB
does. In cases involving released petroleum in the subsurface, the PSTB sees a number
of sites that remain open due to low levels of dissolved manganese above the WQCC
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standard. Manganese is a naturally occurring constituent in New Mexico geology and
waters, but may also be observed in ground water due to the chemical processes
associated with the breakdown of hydrocarbons. The NMED generally will not close an
open file for a site with Manganese above the standard, unless is can be shown that the
observed levels at a particular site are actually “background concentrations”, that is,
native to the area. This requires finding or drilling an off-site well to sample and prove
regional conditions.
5.3 NMOCD goals, jurisdiction, regulations

In 1977, the Energy and Minerals Department and the Natural Resources
Department were created in the state of New Mexico. In 1987, these two departments
merged to create to Energy, Minerals, and Natural Resources Department (EMNRD).
The department mission is “to position New Mexico as a national leader in the energy
and natural resources areas for which the Department is responsible.” EMDNRD’s
second listed goal is:
To protect the environment and ensure responsible reclamation of land and resources affected
by mineral extraction; (EMNRD, 2007).

The New Mexico Oil Conservation Division (NMOCD) of the EMNRD regulates
oil, gas, and geothermal activity in New Mexico. NMOCD is responsible to gather and
maintain oil and gas well production data, permit oil, gas and injection wells, enforce
the division’s rules and the state’s oil and gas statues, and make sure that abandoned
wells are plugged correctly and land is restored responsibly. The mission of the
NMOCD is (NMOCD, 2007):
…to assure the protection, conservation, management and responsible development of oil, gas and
associated natural resources through professional, dynamic regulation and advocacy for the
ultimate benefit of New Mexico.

The NMOCD maintains five bureaus: Administrative, Automation and Records,
Engineering and Geological Services, Environmental and Legal. There are four districts
covering the state, presented in Figure 5.1.
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Figure 5.1 NMOCD districts, NMOCD, 2007.

The district 1 office in Hobbs is responsible for “OCD permitting, well data,
inspection, and enforcement actions in Chaves, Curry, Lea and Roosevelt Counties in the
Permian Basin of New Mexico.” There are 12 employees currently in this office, only
two of which are listed as working “environmental” projects (NMOCD, 2007).

The NMOCD uses NMAC 19.15.1-36 as its “Rule Book”, effective 1996. These
sections include definitions, regulations regarding operation and permitting of wells,
forms, and much more. Authority comes from the 1978 Oil and Gas Act which “grants
the oil conservation division jurisdiction and authority over all matters relating to the
conservation of oil and gas, the prevention of waste of oil and gas and of potash as a
result of oil and gas operations, the protection of correlative rights, and the disposition
of wastes resulting from oil and gas operations.”

Section 19, Subsection B, Paragraphs (1) and (2) or (3) of 19.15.1 NMAC” Section
19, (also known as “rule 19”) Prevention and Abatement of Water Pollution, was
promulgated to:
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(a) Abate pollution of subsurface water so that all ground water of the state of New Mexico
which has a background concentration of 10,000 mg/L or less TDS, is either remediated or
protected for use as domestic, industrial and agricultural water supply, and to remediate or
protect those segments of surface waters which are gaining because of subsurface-water
inflow, for uses designated in the water quality standards for interstate and intrastate surface
waters in New Mexico (20.6.4 NMAC); and

(b) Abate surface-water pollution so that all surface waters of the state of New Mexico are
remediated or protected for designated or attainable uses as defined in the water quality
standards for interstate and intrastate surface waters in New Mexico (20.6.4 NMAC).

According to the regulations, Rule 19 applies to any site that does not meet
abatement standards set forth in Subsection B of Section 19.15.1.19 NMAC. This
requires:


The vadose zone be abated such that contaminants there will not “with
reasonable probability” cause the ground water to exceed standards through any
reasonable or likely transport mechanism.



Ground water in “any place of withdrawal for present or reasonably foreseeable
future use” where the TDS concentration is less than 10,000 mg/L must be
abated to standards for toxic pollutants as defined in 20.6.2.7 NMAC and
standards of 20.6.2.3103



Surface waters to be cleaned to conform to water quality standards for interstate
and intrastate surface waters in New Mexico (20.6.4 NMAC)

Subsurface and surface waters are not considered abated until eight consecutive
quarterly samples conform to the above standards, unless a lesser number is approved
by the director. Solid matrix samples from approved sample locations in the vadose
zone can be considered proof of complete abatement after one-time sampling that meets
the standards.

More than 54 constituents are listed in the section noted above, which indicates
that in order to be considered a “toxic pollutant”, they must be in concentrations, either
alone, or combination with other, believed to create a lifetime risk of more than one
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cancer per 100,000 exposed persons. As noted above, toxic pollutants must not be
present.

According to the regulations regarding “Release notification and Corrective
Action” (NMAC 19.15.3.116), the division must be notified of releases from any facility
of oil or other water contaminant “in such quantity as may with reasonable probability
be detrimental to water or cause an exceedance of the standards noted in Rule 19
(discussed above). Notification requirements vary on the type of release:
1. If a “Major Release” occurs, immediate verbal notice and timely written notice
A Major Release is defined as:


An unauthorized release in excess of 25 barrels, except in the case of
natural gases – which should be reported in excess of 500 mcf,



An unauthorized release of any amount that: causes a fire, will reach a
water course, may with reasonable probability endanger the public
health, or causes “substantial damage to property or the environment”



A release of any volume which may “with reasonable probability be
detrimental to water or cause an exceedance of the standards under Rule
19.

2. If a “Minor Release” occurs, timely written notice should be given
A Minor Release is defined as an unauthorized release of a volume greater than
5 barrels but less than 25, or in the case of natural gases, greater than 50 mcf, but
less than 500.

Responsible parties must complete corrective action for releases that endanger
public health or the environment. Rule 19 addresses abatement standards and
requirements.

Unless deviations are granted under specific criteria in Rule 19, water pollution
in excess of standards must be abated under an approved Abatement Plan. The table
below presents the timeline of required submissions as presented in Rule 19.
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Table 5.2 Timetable for NMOCD Submissions Required for Accidental Release, NMOCD
2007.

Time Due
Immediately
Timely Manner

Action or Deliverable Due
Verbal report of release
Written report of release

60 days after OCD notification of Abatement
Plan Requirement

Stage 1 Abatement Plan

Within 15 days after OCD determine the
Stage 1 Abatement Plan is administratively
complete

Public Notice Issued

Upon completion of approved Abatement
Plan

Final Site Investigation Report

60 days after OCD approval of the Final Site
Investigation Report

Stage 2 Abatement Plan

When standards are met

Abatement Completion Report

Approved Abatement Plans must be carried out according to their proposed
schedule. Minor modifications to Abatement Plans may be proposed in writing.

Rule 19 includes directives regarding the manner in which technical infeasibility
may be argued, alternative abatement standards may be permitted, public notices must
be drafted, and disputes may be resolved. In practice, it is very rare to see a site with
ground water impact closed until the required 8 consecutive quarters of ground water
quality below all WQCC standards has been documented.
5.4 BLM goals, jurisdiction, regulations

According to their website, the Bureau of Land Management (BLM) was
established in 1946 when the General Land Office was consolidated with the US Grazing
Service. The BLM also operates under the 1976 Federal Land Policy and Management
Act. The BLM oversees millions of surface acres and millions of subsurface mineral
estate and manages these resources through mineral leasing, grazing permits, and
timber harvesting as well as soil and watershed management initiatives including
revegetation, protective fencing and water development. The BLM is also responsible
for wildfire management on public lands in the Western states.
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Oil and gas companies operating on Federal lands must make royalty payments
as well as rentals and bonus payments and, when required, fines and penalties to the
BLM (BLM, 2007). As operators lease land from the BLM, they are subject to BLM
regulations, sometimes given in written “Notice to Lessees/Operators” (NTLs). Past
NTLs applicable to southeastern New Mexico have included directives to keep
produced water pits and tanks reasonably free of oil, to modify oil and gas production
equipment to minimize bird and bat mortalities, and regarding how trash and debris
shall be maintained on well sites.

An interview with Terry Gregston of the Carlsbad BLM office was helpful in
learning standard BLM practices in New Mexico. Ms. Gregston indicated that the BLM
surface restoration requirements include removal off all contaminants, foreign soil, site
infrastructure such as tanks, pumps and electrical lines, as well as removal or deep
burial of all site associated pipelines. Caliche pads must be ripped and removed and the
surface must be re-seeded with native seeds. Ms. Gregston indicated that ground
fertilization and watering is not required, although it would be helpful. Operators must
also restore the natural contour of the land, put in erosion control through wind rows
that prevent wind scouring. BLM inspectors look for large voids in vegetation 5-10 feet
in diameter and can require that an operator re-seed a site. Once surface restoration
measures are in place, sites go into a 2 year monitoring phase in which the BLM visits
annually. Ms. Gregston indicated that revegetation can be difficult to confirm in just
two years, noting that in years with a lot of rain, residual salts may be driven far enough
into the subsurface to allow plants to grow, possibly resulting in a false positive
vegetation status. In following dry years heat and lack of moisture can pull these salts
back to the surface and kill plants.
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5.5 State Land Office goals, jurisdiction, and regulations

The New Mexico State Land Office was created in its original form in 1912 when
the Territory of New Mexico was granted statehood by presidential proclamation.
According to the state’s constitution, the Commissioner of Public Lands has control,
jurisdiction, care and custody of all trust lands. According to its website, the New
Mexico State Land Office’s (SLO) mission is provided in the “ABCs of the SLO”:
Administer state trust land…
Benefit the trust and its natural resources…
Conduct the operations of the State Land Office with the highest level of fiscal
accountability, efficiency, customer service and employee relations. (adapted from

NMSLO website, 2007).

The SLO’s 21 rules were reformatted in 2002. These rules are now found in Title
19 Natural Resources and Wildlife, Chapter 2- State Trust Lands of the NMAC (New
Mexico administrative Code). Part 100 of this code is regarding oil and gas leases.
Lands may be leased for oil and gas purposes by competitive bid after public notice.
Much of the regulations in this section have to do with how land may be leased,
transfers, assessment of fees and the like. According to regulation, salt water disposal is
allowed on state lands as long as permitted by the New Mexico Oil Conservation
Division for subsurface disposal, or the Land Surface Division for surface disposal.

The SLO requires surface operation to include, among other things:
 Proper management and removal of trash and debris
 Pits sited and constructed and drilling fluids and drill cuttings disposed of in a

manner to prevent contamination of the surface or subsurface, as provided by
NMOCD rules
 Pits shall be fenced to prevent stock and wildlife access
 Tanks to be bermed where required by the Clean Water Act, or other applicable

federal or state law, or when required by the SLO
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Spill cleanup and reporting is subject to the NMOCD regulations. The SLO adds
the requirement that all surface areas affected by spills and leaks be reclaimed.
Reclamation must be implemented in consultation with the SLO. The SLO further
requires operators submit a reclamation and/or operation plan giving specifics on these
activities.

Surface reclamation requirements vary depending on whether a site is
temporarily or permanently abandoned. In both cases, the site must be cleared of debris
and trash and bermed to prevent erosion if necessary. Upon permanent abandonment
the site’s caliche pad should be ripped through to underlying material. When possible,
topsoil removed from the site should be returned. The site surface must be reseeded
with native plants. Roads may be kept if needed or ripped, reseeded and closed if not.
As noted above, areas affected by spills must be reclaimed to SLO satisfaction. Further
pits must be dried, leveled and reseeded, lining materials must be removed or
permanently buried, and surface lines must be removed and affected surface reclaimed.
Buried lines may be left in place, but again the surface should be ripped, water-barred
and reseeded according to site specifics. Revegetation should be conducted with SLO
approval of seeding rates and seed mixtures. Reseeding shall be conducted with the
goal of revegetation that reflects the local natural vegetation density. If a first reseeding
event fails, a second may be required. Remarkably, the SLO mandates that in no
circumstances shall a second seeding event be required more than 2 years after the first.

In an informal interview, Mr. Thaddeous Kostrubala of the SLO office noted this
as a barrier to achieving satisfactory revegetation at formerly leased sites. Mr.
Kostrubala would like to see this two year limitation interpreted as three growing
seasons in an effort to expand SLO power to require revegetation. Mr. Kostrubala noted
that SLO regulations are “a floor, not a ceiling” as any SLO contract to lease land can be
written with more stringent requirements. The frequency at which the SLO exercises
this power is unknown.
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5.6 Interviews with Agencies

In addition to examining the goals, jurisdictions, and regulations of agencies
entrusted with protecting human health and the environment, this investigation
included a small personal interview scope to gather candid information from an
employee at each agency. It was hoped that personal interviews might shed additional
light on the struggles and concerns facing employees entrusted with carrying out the
missions of each agency. Regulators that deal specifically with ground water impact
work in the NMED GWQB and the PSTB. An interview was conducted with a
representative of each bureau, as well as with a NMOCD former environment employee.
Responses are presented in Tables 5.3 and 5.4.
Table 5.3 Interview Responses Regarding Day to Day Operations From Members of the
GWQB, PSTB and NMOCD
Question Posed

NMED - GWQB

NMED - PSTB

NMOCD

# of sites with ground water
impact
Approximate # of
employees/file

280 active sites with
assessment/remediation

850-1020

Over 700

50-60

50-60

Over 200

How are clean ups funded?

Responsible Party pays.

In your opinion, of ground
water impact sites, what
percentage represent a real
threat to human health?

About 25%

85-90% paid by
Operators pay, state
corrective action fund.
money used to clean up
Some paid by an EPA
abandoned sites
LUST fund
Maybe 2-4%

Ground water under
Vadose zone not a threat to standard levels for 8
ground water, ground
consecutive quarters.
What is necessary to close a
water meets standards for 8 Has seen closure if
site?
consecutive quarters (2
manganese can be
years)
shown to be
background.
What, in your opinion, is the Getting the Responsible
largest barrier to getting a Party to agree to spend the
site closed?
money on clean up

Didn't Ask

Ground water meets
WQCC standards for 8
consecutive quarters

Sometimes slow response
of operator to soil impact,
Financial constraints
sometimes ground water
standards are too strict

If remediation is dig and
haul - 30 days, vadose zone
Impossible to say, large Most sites are closed in 3
About how long does it take
- about 2 years, ground
to close an impacted site?
variance
years
water impact - more than 2
years.
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Table 5.4 Interview Responses Regarding Deviations from Regulations From Members of the
GWQB, PSTB and NMOCD
Question Posed
NMED - GWQB
NMED - PSTB
NMOCD
When is natural
attenuation an acceptable
strategy?

Typically, only when the
contaminant is volatiles,
there are no identified
receptors, and the plume
is stable or shrinking

How often is natural
attenuation used?

Can be applied maybe
40% of the time, not
always used

When are alternative
abatement standards
used?

When good science can
support it, no known
instance

How often are alternative
abatement standards
used?

When do you use risk
based corrective action?

Does your agency consider
the environmental impact
of remediation strategies?
If so, how?

Rarely-never: knows of no
approved case. Must
show no reasonable
relationship between
economic and social
benefit
Can apply to all media
and all constituents:
receptors include humans,
ecology, ground water
itself
Yes, required in the
development of a Stage 2
Abatement Plan - consider
if contaminate is being
transferred to other media
like air

Often

When contaminant
levels are fairly low,
pump and treat would
be cost prohibitive

Can apply for status,
Approximately 25% of
or site may just be
monitored indefinitely hydrocarbon impacted
without being given sites and 5% of Chloride
impacted sites
the status of monitored
natural attenuation.

No known instance

Rarely, depends on site
characteristics and
current division policy

Rarely-never

Maybe in 1-2% of
ground water impact
sites

Yes, in Tier 1
investigation for soils,
in Tier 2 investigation
for water

Yes, not sure.

Yes - informally
considered in review
of proposed remedies

Factors are informally
weighed by operators
and regulators in
selection of a system

Would add some numeric
standards, would not
Would like to see
Would not apply
require 8 consecutive
What, if anything, would
financial resources for ground water standards
clean monitoring results
you change about the
cleanup secure from
to soil. Soil standards
regulations if you could? for closure in some cases,
one year to the next would be less stringent
might make some numeric
standards lower
In areas where water
cannot be used (ie due to
known use limitations) can
sites with ground water
impact be closed?
Are use limitations ever
considered viable closure
actions?

No.

No.

No.

No.

No.

No.
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Some common threads are observable between the agencies:
x

High case load – workers all indicated 50 or more sites per staff member

x

All questioned staff indicated some openness to natural attenuation as a strategy,
depending on site characteristics

x

All staff indicated very low chances of alternative abatement standards, although
all indicated that technically, it could occur.

x

All three departments require 8 consecutive quarters of ground water quality
below standards

x

All staff indicated that ground water use limitations are an unaccepted strategy
for ground water impact

Differences between the agencies also emerge:
x

The GWQB indicates the highest estimation of sites that are a present threat to
human health, 25% of sites with ground water impact

x

Funding for clean up varies- responsible parties are the sole source of money for
clean up in GWQB sites, operators pay for the majority of the NMOCD sites
although some public money is available for abandoned sites, and the majority of
the funding for PTSB cleanup sites comes from a fund financed by fees on all
operators.

x

The staff at the NMOCD report a case load nearly 4 times that of NMED staff
with over 200 impact sites per employee

In other parts of the nation, restricting access to a known contaminated aquifer
through use limitations is sometimes considered a relevant and acceptable response to
ground water impact. In New Mexico, use limitations are not applied and, in instances
where a use limitation is in place for other reasons, not recognized. For example, in
downtown Albuquerque, the designation of the Fruit Avenue Superfund site has
incurred a federal mandate that ground water within the bounds of the site not be used.
Yet, should a known localized ground water impact plume associated with a historic
leaking underground storage tank be found within the bounds of this area, and it is
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known that no one is allowed to access this aquifer for drinking or other purposes, the
NMED PSTB regulations still mandate that the site have 8 consecutive quarter of ground
water samples showing all constituents are below all WQCC standards in order to close
the site. Some sites in Albuquerque have not been sampled for more than 10 years and
remain open due to the lack of monitoring data. Further, many of these sites show
ground water levels are dropping, leaving monitoring wells with less than 5’ of
saturated screen, and thus compromising the integrity of ground water samples that
may be taken from them. When money is not available for site monitoring, or the
PSTB’s limited reimbursement fund is so difficult to work with that few independent
consulting firms choose to do so, sites languish in neglect. This results in a default
natural attenuation strategy. PSTB employees may be unable to address these sites due
to their high case load and the lack of funds to re-drill compromised monitoring wells or
actively monitor ground water.

Alternative Abatement standards are, in theory, allowed in instances with good
cause. This means that the WQCC standard is not required but rather, some agreed
alternative standards will be considered acceptable levels of contaminant abatement.
Permission, however, to use alternative abatement standards is not given in practice, or
at least, has not been given in a known instance in many years.

Each agency employee interviewed has many years of experience working
directly with operators and land owners facing ground water impact in a variety of
circumstances. Each employee made some indication that their ability to administer the
regulations is subject to the opinions and permission of higher level staff and agency
influencers including lawyers, administrators, and politicians.

In addition to contacting staff at NMED and NMOCD, contact was made with
the two state agencies that require surface restoration after leasing land for oil and gas –
the Bureau of Land Management and the NM State Land Office. Table 5.5 presents
answers to questions posed to a representative from each office.
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Table 5.5 Interview Responses from BLM and SLO

Question Posed
# of sites to be restored
Employees working files
Appox # of active
files/employee

NMSLO
Not known. Thousands

BLM (NM)
About 15,000 well sites

1 on environmental staff, 2
doing oil and gas permits

6 on environmental staff,
10 doing inspections

thousands

150

Contaminant removed,
lines removed or deep
buried, land restored to
Remove contaminated
natural contour, erosion
What is necessary to close materials, prepare seed
control, wind rows to
a site?
bed, re-seed over a 2 year
prevent wind scour, seed
process
with native vegetation, rip
and pull out roads
What, in your opinion, is
the largest barrier to
getting a site closed?

Sites close in 2 years
regardless of status

Reserve pits - heavily
salted, difficult to restore

About how long does it
take to close an impacted
site?

No more than 2 years
based on the regulations.

Ideally 6 months, can take
2+ years

What goes into
revegetating the site?

Must prepare seed area
and re-seed, can be
required to re-seed again
within a 2 year span.

Vegetation must return in
area without voids greater
than 5-10' in diameter

By lessee

By operator or the United
States

Trying to change them
now

Reclamation policies
stepped up in
approximately 2000

Would allow agency to
monitor site past 2 years
after first re-seeding effort.

Doesn't believe industrial
waste should be left on
public lands (would not
allow deep burials)

How are clean ups
funded?
How recently were
regulations changed?

What would you change
about the regulations if
you could?
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The BLM and SLO both report a large case load, but the SLO indicated a load
indicative of overwhelming the one staff member dedicated to environment projects.
Similarities between these agencies:
x

Requirement of ripping and removal of hard caliche at sites and re-seeding

x

Large number of sites abandoned by operators without proper reclamation

x

Very recent efforts to increase strictness of regulation

x

Both indicated that their agency finds the enormity of their task daunting and
concern that operators have been allowed to walk away from sites that were not
fully reclaimed

Differences:
x

The BLM appears to have a mechanism in place to require operators re-seed a
site indefinitely until re-vegetation is achieved whereas the SLO reported that all
requirements for surface restoration are dropped at the end of 2 years from the
date of initial re-vegetation

x

The BLM reported a longer, better defined list of requirements to address surface
restoration

Movement toward more stringent enforcement of the requirement to establish
restoration was evident in discussing restoration strategies with both the BLM and the
SLO. These agencies have leased land for oil and gas exploration since the 1930s at least,
and yet have only begun to require serious restoration strategies in the last 10 years.
Both agencies appear to have some substantial catching up to do and are working to
change operators’ expectations and activities against a tide of years of prior experience.
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6.0 Case History and Current Status
Information presented in this section was collected from a private produced
water handling company that collects and disposes of produced water. The produced
water disposal system in question served an area approximately 5 miles long and 4
miles wide from 1967 to approximately 2001. In 2001, during the closure of a former
saltwater disposal system, two adjacent sites (approximately 1,250 feet a part) about 15
miles northwest of Hobbs, NM, showed hydrocarbon and chloride impact in soil and
ground water. These sites were characteristic of many salt water handling stations in
the area, and located in a region developed for oil and gas production. Plate 1 presents
an aerial photograph noting each site, with other oil and gas sites visible in the
surrounding area. Both had a redwood tank 28 feet in diameter and 8 feet tall. These
tanks had a capacity of over 100 barrels (4,200 gallons) each. Both sites had a salt water
disposal well on site to inject salt water into the deep subsurface, here referred to as Site
A and Site B. Site B had an emergency “overflow” pit on site to handle additional
produced water in the event of an overflow. Records of salt water handling for these
sites are not available for the 34 years of operation, but one source indicates that in 1997
the salt water disposal well at Site A injected over 200,000 barrels of produced water,
and the well at Site B over 150,000 barrels, in one month. This allows for an estimate of
4.2 million barrels of produced water likely injected via the wells at these two sites per
year. For much of the time of operation, legal salt water handling practices included the
use of red-wood tanks which were known to occasionally leak. The tanks were not
lined, allowing a slow percolation of high TDS water through the vadose zone toward
ground water. Redwood tanks were favored for salt water handling because salt water
does not corrode and destroy them as it would metal tanks. Figures 6.1 and 6.2 show
site maps for each respective area. At Site A, the fenced area is approximately 126 feet
by 105 feet, the leased tract is 2.5 acres.
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Figure 6.1 Approximate Site Sketch for Site A

SWD: Salt Water Disposal
SB: Soil Boring
MW: Monitoring Well
Figure 6.2 Site Sketch for Site B.

Closure activities included removal of the redwood tanks and excavation of
highly impacted chloride material from beneath the tanks and emergency overflow pit.

46

Operators estimate that over 100 cubic yards of material were dug up and removed
during the course of closure activities at both sites. Soil borings near the center of each
site were completed in January of 2002, with field measurements for total organic vapors
in soil from every five feet measured with a PID and chloride concentrations in soil
estimated through field titrations.
6.1 Initial Findings at Site A

As shown above, Monitoring Well A1 was placed southwest of the edge of the
tank excavation. In this boring, caliche was encountered from 2-12 feet below ground
surface (bgs), and caliche and sand from 12-18 feet bgs. Fine grained sand existed from
about 21-63 feet bgs and ground water was encountered at about 55 feet, total depth of
the well was 63 feet bgs. A two-inch casing was installed with slotted screen from 50-63
bgs. Figure 6.3 is a graph depicting chloride concentrations vs. depth in the borehole
and shows chloride concentrations are relatively low and constant from 10-20 feet below
the surface (190-340 mg/kg).
Figure 6.3 Observed Chloride Concentrations vs. Depth in Soil in MW-A1, 2002
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Chloride levels rise to 1,260 mg/kg at 30 feet below the surface and remain above
1,000 mg/kg down to the capillary fringe - here 50 feet below surface. As chloride
concentrations increase with depth at this site and continue to the capillary fringe, it was
inferred that saturated conditions must have existed in the subsurface to facilitate the
migration of chloride.
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Subsequent ground water sampling confirmed ground water impact. The initial
sampling event in January of 2002 showed 5,200 mg/L chloride and 9,425 mg/L TDS in
the ground water. The table below presents ground water quality data collected in 2002.

Table 6.1 Ground Water Quality Data, MW-A1, 2002.

Sample Date

Cl

TDS

Benzene

Toluene

Ethyl
Benzene

Total
Xylenes

Sulfate

0.05
0.51
0.112
0.835

0.09
0.309
0.076
0.431

5
3.2
10.7
2.8

(mg/L)
1/10/2002
5/15/2002
8/19/2002
11/11/2002

5,200
3,720
3,630
3,720

9,425
7,050
6,040
6,020

0.05
0.744
0.705
1.21

0.053
0.207
0.172
0.343

A review of WQCC Standards shows that the water quality exceeds standard
requirements for Chloride, TDS, and Benzene.
Table 6.2 WQCC Standards for Selected Constituents, (WQCC, 2007).

WQCC Standards (mg/L)
Chloride
TDS
Benzene
Ethylbenzene
Toluene
Total Xylenes
Sulfate

250
1000
0.01
0.75
0.75
0.62
600

6.2 Initial Findings at Site B

The same sampling procedure employed at site A was conducted at Site B. At
Site B, caliche and caliche with sand were encountered from 2-18 feet bgs, similar to
lithology encountered at Site A. Sandstone was encountered from 18-21 feet bgs, sand
from 21-63 feet bgs. The well was completed with 2-inch casing with slotted screen from
50-63 feet bgs, ground water was encountered at about 52 feet below ground surface.
Figure 6.4 presents the graph of chloride concentrations vs. depth encountered.
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Figure 6.4 Observed Chloride Concentrations vs. Depth in Soil in MW-B1, 2002
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At this site, the chloride concentration increases from 10 feet below the surface to
20 feet below the surface. From 20-30 feet below surface, the highest chloride
concentration was observed (1,900 mg/kg). The chloride concentration declines below
30 feet toward the capillary fringe. Given the soil profile indicating the mass of chloride
was located 20-30 feet below the surface (25 feet above the capillary fringe), it was
concluded that saturated conditions were less likely at this site and the majority of the
chloride did not reach ground water. A monitoring well completed (MW-B1) in this
boring yielded ground water data showing an initial TDS of about 1,000 mg/L,
supporting this conclusion. Table 6.3 presents ground water quality data collected in
MW-B1 in 2002. The table shows the dramatic increase in observed chlorides and TDS at
site B, chloride increasing by seven times and TDS levels jumping by five times over the
initial eleven months of monitoring. Here too, quality exceeds WQCC standards for
Chloride, TDS and Benzene.
Table 6.3 Water Quality Data at MW-B1 in 2002

Sample Date

Chloride

TDS

Benzene Toluene

Ethyl
Benzene

Total
Xylenes

0.034
0.131
0.209
0.154

0.055
0.065
0.253
0.131

(mg/L)
1/10/2002
5/15/2002
8/19/2002
11/11/2002

568
1,950
1,950
3,630

1,284
3,260
3,850
6,740

0.011
0.414
0.705
0.921
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0.022
0.057
0.598
0.078

6.3 Subsequent Characterization Activities

The NMOCD was notified of the vadose zone and ground water impact at these
sites. Additional investigations and remedial work have continued at these sites to the
present day. These sites present a case study of how the NMOCD and salt water
handlers may interact regarding sites that show ground water impact. The regulating
agency requires certain work and investigations and the operator must respond and
comply with requirements. Ground water data collected on a quarterly basis from
monitoring wells at these sites from 2002-present day illustrate how releases of
produced water impact the surrounding area over time.

An Investigation and Characterization Plan was submitted to the NMOCD in
March of 2005, a Stage 1 and 2 Abatement Plan was submitted in December of 2005, a
Vadose Zone Remedy Plan was submitted in November of 2006. Quarterly sampling of
MW-A1 and MW-B1 from 2002 - 2007 provides data regarding the fate of ground water
impacted by years of intermittent releases of produced water. Table 6.4 shows Chloride,
TDS and volatile organic constituent data from these wells from 2002-2007. Figures 6.5
and 6.6 present observed chloride and TDS data at these wells.
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Table 6.4 Collected Ground Water Quality Data at Sites A and B
MW-A1

Sample Date

Cl

MW-B1

TDS

Cl

TDS

568
1,950
1,950
3,630
2,730
3,860
5,010
1,930
2,579
1,899
4,700
5,200
5,750
5,890
4,430
2,360
1,960
1,540
1,350
873
873
800

1,284
3,260
3,850
6,740
4,770
7,320
8,850
3,590
5,000
4,188
8,270
10,400
9,190
10,700
6,960
4,420
3,540
3,280
2,800
1,950
1,820
1,738

(mg/L)
1/10/2002
5/15/2002
8/19/2002
11/11/2002
2/28/2003
6/5/2003
8/21/2003
11/19/2003
2/18/2004
5/27/2004
9/7/2004
11/24/2004
3/21/2005
5/11/2005
8/15/2005
10/25/2005
1/23/2006
4/25/2006
10/24/2006
1/9/2007
5/23/2007
9/19/2007

5,200
3,720
3,630
3,720
2,200
2,300
2,060
2,000
1,819
1,759
1,040
1,260
1,220
1,490
1,340
1,080
886
1,420
1,460
1,510
1,500
1,380

9,425
7,050
6,040
6,020
4,040
4,180
4,000
3,760
3,932
4,008
3,000
2,740
2,210
2,970
2,890
2,540
2,080
3,040
3,190
2,980
2,850
2,902

Figure 6.5 Chloride and TDS at Site A, MW-A1
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Observed dissolved solid concentrations at Site A have been declining since
sampling began in the beginning of 2002, although a relatively steady state has been
observed since 2005. Sampling is on a quarterly basis, generally in January, May,
August, and November. The water quality in the last five years shows some periodicity
with some drops and gains over the course of 12 months, possibly due to changes in
regional rainfall events or pumping rates throughout the year. When sampling began at
this site, the redwood tank had been recently removed. As the soil boring for this site
showed the highest chloride concentrations near the capillary fringe, it is possible that
leaks from the tank had caused saturated conditions in the subsurface that drove
chloride down into the ground water. It is also possible that leakage stopped earlier and
flushing occurred, driving chloride deeper. As Figure 6.5 shows, concentrations
dropped significantly from January 2002 to February 2003 (5,200 – 2,200 mg/L chloride).

After 2003, declines in chloride and TDS concentrations are less dramatic. It is
theorized that ground water shows the effects of two different surface dynamics. Prior
to 2002 intermittent releases of produced water were migrating through the subsurface.
As of 2002 the redwood tank was removed and the source of contaminant was removed,
however the excavation that removed chloride impacted soil on from the surface to
about 10 feet below ground surface was left open from 2002-2007. This allowed
atmosphere precipitation events to flush remaining chloride in the vadose zone from 10
feet bgs- to ground water with greater efficiency than would have been possible had the
excavation been backfilled. Ground water concentrations appear to equilibrate with this
open excavation scenario by mid 2005. In August 2007 a barrier to vadose zone flushing
was installed and the excavation at the site was backfilled, a third, new surface scenario.
It is expected that this will stop the infiltration of chlorides from the vadose zone to the
aquifer and concentrations in ground water will drop again in coming years. Even
though no vadose zone barrier was installed at the site until 2007, the most recent
ground water sampling event in September of 2007 showed a drop in TDS concentration
by almost 7,500 mg/L in the last five years, a drop of over 80%.
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Figure 6.6 Chloride and TDS at Site B, MW-B1
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Site B has shown a more varied TDS concentration level. As Figure 6.6 shows,
TDS concentrations at site B climbed from 1,000 mg/L in 2002 to over 10,000 mg/L in
2004 and 2005. This observed climb caused speculation that Site A was hydraulically
connected to Site B such that observed surges in chloride concentrations at Site B were
due to impacted ground water coming from Site A. In 2006 a monitoring well was
placed between Sites A and B. This well was called MW-A2 and chloride concentrations
between those observed at Site A and B would detect a strong correlation between
ground water at the two sites. As Table 6.5 shows, TDS and chloride levels in this well
are at background concentrations and indicate neither ground water impact nor a strong
hydraulic connectivity between Sites A and B. The sites are still considered to have
hydraulic conductivity, that is, water from Site A is flowing unrestricted to the
southeast, however there is no demonstrable connection between water quality at Site A
and Site B. Site B, east of Site A, is cross gradient, not directly down gradient from Site
A. It was concluded that observed ground water impact at each site was caused by
localized surface releases.
Table 6.5 Ground Water Data from MW-A2, 2006

Sample Date Chloride TDS Benzene
6/6/2006
10/24/2006

97.6
89.1

724
598

Toluene

<0.001
<0.001

<0.001
<0.001
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Ethyl
Benzene
<0.001
<0.001

Total
Xylenes
<0.001
<0.001

Subsequent speculation concludes that the excavation of the tank and emergency
pits at Site B followed by years without backfilling them allowed storm water events to
flush the chloride mass in the subsurface down to ground water. Chloride and TDS data
has been difficult to correlate between the two sites. TDS levels appear to be declining
from 2005 to the present. As discussed with Site A, the surface dynamics at Site B have
changed three times in the last five years – first with the termination of historic leaks
through the removal of the tank and emergency pit, then with the open excavation, and
finally with the installation of the evapotranspiration barrier in August of 2007
(discussed below). Again, the effects of the installed barrier are expected in ground
water data over the next two years.

In 2005, a survey of area wells was conducted to measure ground water elevation
data and area ground water quality data wherever possible. Plate 2 shows TDS and
Chloride data for the existing monitoring wells at Sites A and B in addition to four
private industrial supply wells sampled in January of 2007. Ground water is flowing to
the southwest, which indicates that Sites A and B are cross gradient from each other.

In the summer of 2006, it was believed that area pumping had caused ground
water to flow directly east. To test a hypothesis that impact from Site A was appearing
in MW-B1, and to see how far down gradient from Site B ground water impact was
evident, MW-A2 and MW-B2 were drilled. MW-A2 was placed about 400 feet east of
MW-A1 (between sites A and B) and MW-B2 was placed approximately 800 feet from
MW-B1. After ground water flow was confirmed to be to the southeast in late 2006,
MW-A3 and MW-B3 were installed to the southeast of the initial monitoring wells at
each site. MW-A3 is located about 1,000 feet to the southeast of MW-A1. MW-B3 is
located approximately 250 feet to the southeast of MW-B1. In the spring of 2007, MW-B4
was located 25 feet down gradient (southeast) from the former tank location at site B.
All of the monitoring wells are sampled quarterly and analyzed for volatile organic
constituents (VOCs) including Benzene, Ethyl Benzene, Toluene and Xylenes (BTEX).

54

Water is also analyzed for Total Dissolved Solids (TDS), Chloride, and Sulfate. Plate 3
shows the approximate location of all monitoring wells drilled as of August 2007.

6.4 Vadose Zone Remedy – Design and Installation
In late 2006, HYDRUS-1D and a mixing model were employed to simulate
ground water impact at the site based on differing landfill closure models that were
tested by the Sandia National Laboratories from 1997-2002. These simulations were
used to select a proposed vadose zone remedy for the sites. The NMOCD’s approval
was necessary prior to backfilling the excavated holes at each site – a 28x28’ hole
approximately 10 feet deep at site A, a 28x28 foot hole approximately 7 feet deep and a
30x40 foot hole approximately 5 feet deep at site B. The proposed Vadose Zone remedy
plan included the use of an evapotranspiration barrier to prevent vertical flux of
chloride in the unsaturated subsurface above the water table. This barrier would
include 18” of caliche gravel below 12” of sand below 36” of topsoil. Figure 6.7 shows a
simple schematic of the proposed vadose zone remedy. The topsoil would be seeded
with native vegetation which would act to pull moisture back towards the surface
through the root zone.
Figure 6.7 Proposed Vadose Zone Remedy for Sites A and B
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Vegetation would be encouraged by planting it in dimpled areas contoured to
capture rainwater, and the entire cap would be domed or crowned to allow for surface
water to slough off the area above contaminated soil. Figure 6.8 presents the model
results for Chloride concentrations in the aquifer at Site A once the proposed
evapotranspiration (ET) barrier is in place.
Figure 6.8 Predicted Chloride Concentration in the Aquifer with an ET Barrier, Site A
(Hamilton & Hicks, 2006).
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The NMOCD requested additional information in April of 2007, and additional
soil bores were advanced at each site. The borings conducted in April 2007 showed the
subsurface still contained significant levels of VOCs and the NMOCD requested
amendments to the vadose zone remedy.

A proposed remedy amendment included the addition of a geosynthetic clay
liner (GCL) beneath caliche gravel as part of the backfill plan and a thicker installation of
topsoil to allow for deeper root zones. The GCL is about a half inch thick and is
composed of a bentonite clay between two plastic sheets that may be rolled out on a
smooth surface. These amendments were approved and the excavations at these sites
were backfilled according to the revised plan in the last week of June, 2007. Figures 6.96.11 show stages of this process at Site A. The required changes to the plan resulted in
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the added digging in the excavations to make them deep enough to hold the 8.5 feet of
proposed backfill above chloride impacted soil at the sites. The NMOCD had expressed
concern that a gravel layer would not be a sufficient capillary break or barrier to
downward moisture flow from the surface. The added GCL was placed below the
gravel material and the excavations were backfilled according to the table below. In this
case, the operator and consultant considered the NMOCD requirement excessive, but
chose to comply rather than spend time differing with the division.
Table 6.6 Agreed Backfill Design to Close Excavation at Sites A and B

Site A & B Backfill
Thickness (ft)
0.5
4.5
1
1.5
0.5
0.02
0.5
8.5

(All layers are dome shaped to shed
excess water)
Topsoil
Native soil layer
Fine sand interface
Pea gravel caliche sub layer
sand
GCL
sand
Total thickness above chloride material

Figure 6.9 Sand in excavation at Site A prior to installation of GCL
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Figure 6.10 Sand applied above GCL in excavation at Site A

At both sites, top soil was conditioned with decomposing hay to enhance
revegetation and the area above the excavation was domed to shed excess water.
Figure 6.11 Closed Excavation at Site A.
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7.0 Abatement Strategies
Strategies for response to impact to ground water may vary depending on the
extent and magnitude of contamination, the threat contamination poses to human health
and the environment, the potential threats associated with contaminant migration, as
well as regulatory requirements and abatement feasibility. As discussed in section 4.8,
ground water clean-up has some success if it prevents additional exposure to
contamination, more if it also reduces additional exposure and significantly shrinks the
area affected by contamination. A cleanup is considered an “unequivocal success” if it
fully removes the sources of contamination and cleans up the plume of contaminants to
health-based standards (NRC, 1994). The table below presents possible abatement
strategies discussed here.
Table 7.1 Characteristics of Evaluated Abatement Strategies

Strategy
Natural Attenuation

Attributes
Uses dilution and dispersion

Uses dilution and dispersion coupled with a vadose
Natural Attenuation & a
zone remedy to stop chloride migration from vadose
Vadose Zone Remedy
zone to ground water
Removes ground water using wells that have a
pumping rate and spacing calculated to capture
Ground Water pumping
ground water flow to cut off contaminant plume.
to capture contaminant
May pump to remove four pore volumes, or to
& Vadose Zone remedy
remove contaminant until vadose zone remedy has
taken affect
Point source treatment
to replace resources &
Vadose zone remedy

Removes limited amount of ground water and treats
to a potable quality to replace the resource in area of
contamination.

Limited treatment for
Removes limited amount of ground water and treats
industrial use & Vadose
to a quality suitable for some industrial applications.
zone remedy

While the exact results of each remedy are not known, the table below presents
the anticipated levels of ground water cleanup levels within a time period of 20 years.
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Given more time, these strategies would like increase in ground water cleanup
effectiveness.
Table 7.2 Expected Results of Abatement Strategies in 20 Years Time

Strategy

Attributes

Natural Attenuation

Contains subsurface sources of contamination
but does not prevent the plume of dissolved
contaminants from increasing in size.

Natural Attenuation & a
Vadose Zone Remedy

Contains subsurface sources of contamination
but does not prevent the plume of dissolved
contaminants from increasing in size.

Ground Water pumping to Fully removes sources of contamination and
cleans up the plume of dissolved contaminants
capture contaminant &
to health-based standards.
Vadose Zone remedy
Contains subsurface sources of contamination,
Point source treatment to
replace resources & Vadose may prevent the plume of dissolved
contaminants from increasing in size.
zone remedy
Limited treatment for
industrial use & Vadose
zone remedy

Contains subsurface sources of contamination,
may prevent the plume of dissolved
contaminants from increasing in size.

Each of these strategies are discussed below. In coming sections, the calculated
environmental and economic costs of each are presented and later used in shaping the
proposed decision matrix for strategy selection.

7.1 Natural Attenuation
The Natural Attenuation Strategy allows the contaminant to dissipate due to
subsurface biodegradation, mineralization, dilution and dispersion over time with no
anthropomorphic efforts to speed the process (ie pumping, treatment, air sparging, etc.).
Ground water data collected quarterly from 2002-2006 for Sites A and B illustrates
contaminant levels with no human intervention other than the cessation of surface leaks
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(the ongoing source of contaminants to ground water). In late 2001 the salt water
disposal systems at these sites were shut down and tanks known to leak were removed.
Also, soil beneath the tanks showing relatively high chloride impact was excavated and
removed. Open excavations at each site have been present from 2002-2007. Figure 7.1
presents TDS and chloride data for Site A presented in a semi-logarithmic scale and
fitted with trendlines projecting reduction of contaminant concentrations into the future.

Figure 7.1 Logarithmic Scale Showing Site A data
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In Figure 7.1, trendlines for the TDS and chloride data have R2 values of 0.645
and 0.615 respectively, indicating the trendlines represent a moderate fit of the data.
This is considered reasonably related. The trendlines predict, based on past ground
water quality levels, that natural attenuatioin will cause ground water at Site A to meet
the WQCC chloride standard (250 mg/L) in about 2013 and the TDS standard (1,000
mg/L) in about 2020.

Figure 7.2 shows ground water data for Site B and the associated trendlines. The
observed wide fluctuations in TDS and chloride concentrations at Site B from 2002-2005
result in R2 values for the TDS and chloride concentrations of 0.0563 and 0.0635
respectively. The low R2 values indicate that the prediction for Site B given in the
trendlines below is not reliable, and no conclusion could be drawn regarding natural
attenuation alone at Site B.
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Figure 7.2 Semi-Logarithmic Scale Showing Site B Data
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7.2 Natural Attenuation With a Vadose Zone Remedy
The Hamilton and Hicks (2006) model predicting chloride concentrations in
ground water after the installation of the vadose zone remedy discussed in Section 6.4
(and reproduced below) is considered a valid prediction of ground water quality with
natural attenuation coupled with a vadose zone remedy that effectively stops chloride
flux to ground water.
Figure 7.3 Predicted Chloride Concentration in the Aquifer with an ET Barrier, Site A
(Hamilton & Hicks, 2006).
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This model predicts that the concentration of chloride in the ground water will drop
below the standard (250 mg/) between 4 and 16 years after the vadose zone remedy is
installed, depending on initial site conditions.

7.3 Pumping to Remove Chloride
In a scenario in which aquifer restoration is required, a pump and treat system
designed to remove 4 pore volumes based on the contaminant and the treatment
standard employs a number of wells to remove water as it flows past the contaminant
source and down gradient in the aquifer. In the case of Site A, the previous tank area is
considered the source area. An infiltration barrier was designed to cover this area and
beyond by at least 2 feet, shown in the footprint map below.
Figure 7.4 Footprint Map of Site A
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For the purposes of designing a hypothetical pump and treat system for aquifer
restoration, the impacted area is considered 28 feet across and 10 feet thick (as the
monitoring wells perforate the top 10 feet of the aquifer). The area to of water to be
captured is a slice of this rectangle, 28’x10’, shown below.
Figure 7.5 Cross Section of Aquifer Area Calculated

10' x 28'

A pore volume is the volume of water required to replace or flush out water in a certain
volume of saturated porous media. The total volume of the impacted area is 28’ x 28’ x
10’ (7,840 ft3) and the porosity is estimated to be 0.25, so one pore volume is 7,840 ft3 *
0.25 = 1960 ft3, or 14,660.8 gallons.

To calculate the number of pore volumes that must be removed to effectively
flush chloride from a homogeneous aquifer like the one at the sites, the following
equation may be used (Cohen et al., 1997):
No. of Pore Volumes = -R ln(Cwt/Cwo)
Where
R = a retardation factor
Cwt = Clean up concentration
Cwo = initial contaminant concentration

Using WQCC standards, the clean up concentration for chloride is 250 mg/L. To
be conservative an R value of 1 is used, to express no degradation of chloride in the
aquifer due to dilution. If the initial chloride concentration observed at Site A (5,200
mg/L, 1-10-02) is applied to this equation, 4 pore volumes are necessary to flush the
aquifer. If the most recent chloride concentration observed at Site A is used (1,380
mg/L, 9-20-07), 2 pore volumes are calculated as necessary to flush the aquifer.
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To determine the spacing of extraction wells that will effectively capture the flow
of water coming through the contaminated zone, the radius of well influence must be
calculated. The Theim equation for the well yield of an unconfined aquifer is:
Q = K(H2 –h2)* ln(R/r)
1055 log R/r
Where
Q = pumping rate, gpm
K = Hydraulic conductivity of the water bearing formation, in gpd/ft2
H = static head measured from bottom of aquifer
h = depth of water in the well while pumping, in ft
R = radius of the cone of depression in ft
r = radius of the well in ft

A pump test was conducted at the 4” well at Site B and showed that the
drawdown associated with a pumping rate of 1 gallon a minute equilibrated at 0.67’.
Increasing the pumping rate to 2 gallons a minute caused a drawdown of 1.37’ and at a
rate of 4 gallons a minute, the well pumped off within four minutes. The woman that
conducted the test noted that “the aquifer is stingy in that area.” Using the drawdown
rates noted for a pumping rate of 1 and 2 gallons a minute, and a hydraulic conductivity
of 20 feet/day, the Theim equation indicates that the radius of the cone of depression at
the site is 5.67’ and 11.68’ respectively.

This indicates that the cone of depression for a 4 inch well pumping at 1 gallon a
minute is about 11 feet in diameter. If four wells were placed 7 feet apart across the 28
foot impact area, their cones of depression would overlap and all the water coming
across the plane where the wells are located would be captured. If all four wells pump
at a rate of 1 gallon a minute, 5,760 gallons a day are extracted. At this rate, the 58,643
gallons necessary to remove 4 pore volumes from the impacted area can be extracted in
10.18 days, less than a month. However, the vadose zone remedy for the site is not
expected to stop chloride percolation down through the vadose zone and into the
ground water for 4-16 years. In order for the ground water pumping to remove
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contaminant mass strategy to capture all contaminants, it would need to operate for
whatever length of time necessary for the vadose zone remedy to take effect. For the
purposes of later calculations, the average of the shortest and longest projected times
necessary for the vadose zone remedy to halt chloride migration to ground water will be
used: 9.5 years.

As shown above, natural attenuation alone would require about 19 years for the
aquifer to reach ground water quality standards. With the installation of a vadose zone
remedy, ground water standards may be reached in 3-16 years after the remedy is
installed. If sufficient wells and sufficient extraction rates are employed, the ground
water contaminant mass in ground water may be removed in about 10 days, however it
must continue to pump to capture chloride percolating down through the vadose zone
to ground water, for 3-16 years. Should the installation of 4 wells within 7 feet of each
other, pumping a gallon a minute for 4-16 years be considered too great a cost for
aquifer restoration, some combination of strategies may be employed, and some lesser
level of ground water cleanup may be desired. In the case of Sites A and B, a pointsource-treatment system was designed to pump and treat low volumes of ground water
for potable use at the surface. The section below presents this system and its operation.
In subsequent sections, the economic and environmental cost of the abatement strategies
listed above are examined.
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8.0 Point Source Treatment System at Site A
8.1 System Goals
A treatment system to provide a source of quality water at the location of
ground water impact was proposed for both sites in early 2005. The operator did
not propose a system large enough to actively restore ground water in the area,
and thus was knowingly relying on natural attenuation to address the bulk of
ground water impact at the sites. Planning to use the existing monitoring wells
at each site for supply, the proposed system design called for assembling a group
of venders and experts to help create a system capable of production of 1,000
gallons per day of potable quality water for irrigation or livestock consumption.
Given water quality at the sites, this system needed components to substantially
reduce suspended solids, VOCs and dissolved inorganic constituents.

The goal was to create a relatively low-cost, low maintenance system that could
be powered with solar energy or conventional electricity to replace the source of water
at the location of contamination.

8.2 System Design
The system would operate for a decade or more and lessons learned during
design and operation could be applied to similar ground water impact locations
throughout the Permian Basin. It was hoped that the high TDS waste stream from an
RO unit could be put to some beneficial use rather than disposed. Designs were
considered for systems capable of producing 1,000 gallons of freshwater daily at each
site using a prefabricated reverse osmosis unit designed to convert seawater to potable
water on yachts. The yacht unit had the advantage of being prefabricated, tested and
perfected, and simple to maintain. A treatment train including an initial tank to allow
for VOC volatilization, a slow sand filter to remove suspended solids and provide
additional degradation of the VOCs, and a Reverse Osmosis (RO) system to
substantially decrease TDS in the water was proposed. The design called for a large
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tank to collect waste from the RO system and a stock tank to collect treated, potable
water and make it available to cattle in the area.

Large, 100 barrel tanks (equivalent to 4,200 gallon) were considered for the initial
tank and the waste water tank. Also, the drinking capacity of cows was researched and
many types of RO venders were contacted about the plans. During preliminary
research, the following factors were identified as most influential in choosing a reverse
osmosis membrane:


Initial water quality of feed water,



Desired volume of potable water,



Required recovery rate.

Design of this system was challenging because of several unique features. In
most current RO applications, a high volume of treated water is required and access to
electricity and maintenance is relatively unlimited. In this case, a small volume of
treated water, and low energy and maintenance demands were desired. Many RO
venders were unaccustomed to the requests made for this system and few had interest
to assist with design of such a small project. Finding an RO vender close to southeastern
New Mexico and available to help with set-up and on-going maintenance issues was
difficult. Further, the higher the recovery rate of an RO unit’s treatment, the more
persnickety maintenance tends to be. No RO unit capable of treating more than 50% of
the water intake was readily available in a prefabricated system requiring little or no
maintenance. Instead, robust package RO systems designed for use on yachts or for
under-the-sink home use have an recovery rate of about 25% - that is, with every 100
gallons treated they produce 25 gallons of treated water and 75 gallons of concentrated
waste.

Reverse osmosis (RO) units for yachts are designed to treat seawater, which
contains 20,000-30,000 mg/L salts. The feed water at Sites A and B showed TDS at
10,000 mg/L and below, suggesting a unit designed to treat brackish water would be
more suitable. The tank size and RO recovery rate impact how often the waste tank
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would need to be emptied. Site A is over 50 miles from an operational salt water
disposal or oil and gas production system, and water hauler trucks are capable of
carrying 100 barrels at a time. As a result, large tanks were preferred because they
allowed for fewer trips to remove high TDS water and made putting the water to use
worth the time and expense necessary to retrieve the water.

The prospects of a 100-barrel tank standing empty for relatively slow filling with
waste water at remote Site A raised concern. In the oil field, all operators must dispose
of produced water; a time consuming and expensive process including trucking of water
in areas where pipelines are not available. A large empty tank would be the likely target
of dumping by other operators. It was decided that the tanks on the site would be
relatively small; 1,500 gallons (35 bbls) in capacity.

An additional complication was that the operator’s goals for the volume of
treated water and recovery rate varied dramatically during the design phase. In 2006 it
was confirmed that the landowner had no desire or need for treated water. The original
purpose of the system was replacement of a source of water, but the NMOCD had
approved an Abatement Plan that included a ground water treatment component.
Canceling the system due to the lack of a demand for the water was not considered
politically feasible. Water could be placed in a tank for wildlife consumption, and the
system treatment volume was scaled down. The final capacity for the designed system
at Site A treats 50 gallons of water each day for a small stock tank for wildlife
consumption.

The water at Sites A and B contains turbidity and particles, hardness, TDS, and
Volatile organics. Each of these can be removed or reduced by a number of known
treatment processes. Table 8.1 presents common treatment processes for the removal of
specific constituents.
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Table 8.1 Application of treatment processes for the removal of specific constituents (Adapted
from Crittenden et al., 2005)

Constituent

Process

Turbidity/
particles

Coagulation and filtration, coagulation, flocculation and
filtration, coagulation, flocculation, sedimentation and
filtration, membrane filtration (microfiltration or
ultrafiltration) and slow sand filtration.

Hardness

Lime-soda softening, ion exchange, nanofiltration

Total Dissolved
Solids (TDS)

Reverse osmosis, ion exchange, distillation

Volatile organics Air stripping, coagulation, adsorption, advanced oxidation

Depending on the application, goals and constraints, there are a number of
important factors to consider in evaluating and selecting water treatment components
(Crittenden et al., 2005). In this case, the following factors influenced treatment design:
x

Performance

x

Personnel requirements

x

Energy requirements

x

Operation and maintenance

x

Reliability

x

Complexity

x

Ancillary processes

x

Chemical requirements

x

Treatment residuals

x

Security

x

Residuals processing

x

Land availability

x

Climatic constraints

x

Raw-water characteristics

x

Cost

requirements

The following treatment processes were evaluated for applicable constituents:
x

Turbidity and particles: settling, slow sand filtration, microfiltration

x

Volatile Organics: Passive air stripping (volatilization), adsorption

x

Hardness: ion exchange

x

Total Dissolved Solids: Ion exchange, Reverse osmosis

The basic mechanisms for these processes are given in Table 8.2.
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Table 8.2 Mechanisms for Selected Treatment Processes (Crittenden et al., 2005)

Process
Settling

Mechanism
Water is introduced into a basin and given time for majority
of particles to settle to the bottom

Slow sand filtration

Influent water seeps downward by gravity through a
submerged sand bed. Particles are removed in top few
centimeters of bed. The surface of bed forms a mat of
material, called a schmutzdecke that physically strains smaller
particles and forms a biological

Microfiltration

A process that separates suspended particles from a liquid
phase by passage of the suspension through a porous
medium (Microfiltration can physically strain out particles,
sediment, algae, protozoa and bacteria).

Aeration

Increasing the oxygen content in water by adding air into
water through diffusers, cascading water, or surface turbines.

Adsorption

Substances present in a liquid phase are adsorbed or
accumulated on a solid phase (and thus removed from the
liquid).

Ion Exchange

Exchange of an ion in the aqueous phase for an ion in the
solid phase.

Reverse Osmosis

The preferential diffusion of water through a semipermeable
membrane in response to a concentration gradient.

Simple passive air stripping and settling would be accomplished by running
water from MW-A1 into the top of an initial tank and giving it some residence time
before sending water to the next treatment step. In fall 2006, a small tank similar in
proportion to larger tanks available in the field was employed to test volatilization rates
of VOCs in feed water from both sites. Water was analyzed upon removal from the
wells and then at the end of each week. The operator preferred a system that did not
include active aeration beyond the water falling from the inlet into the tank, so the
prototype was not stirred or aerated, to test the possibility of allowing residence time
alone to remove VOCs in feed water. The tables below present results of this small scale
test. Initial BTEX levels were lower at site A than site B. Observed volatile levels were
below detection limits within 6 days for Site A, and within 11 days for Site B water.
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Table 8.3 Observed VOC Levels in Pilot Test with Water from Site A

Date Sampled
8/16/2005
8/22/2005

Ethyl
Total
Benzene Xylenes
(µg/L)

Benzene

Toluene

347
ND

110
ND

163
ND

53.7
2.33

Table 8.4 Observed VOC Levels in Pilot Test with Water from Site B

Date Sampled
9/26/2005
9/30/2005
10/7/2005
10/13/2004

Ethyl
Total
Benzene Xylenes
(µg/L)

Benzene

Toluene

862
35.1
ND
ND

125
5.52
ND
ND

212
1.23
ND
ND

70.7
12.53
ND
ND

Given these results, an initial holding tank with a residence time of 10 days and
no active aeration component other than a high inlet into the tank was considered
sufficient to remove VOCs from feed water. A slow sand filter (SSF) was chosen to
remove particles, and turbidity from water passing from the initial tank. In addition, the
SSF was considered to be an additional process for removing BTEX (by biodegradation)
to provide added protection for the downstream processes (fouling of the RO membrane
by oil products was a concern). The SSF was considered appropriate for the site as it
required no energy and no moving parts.

8.3 Initial Treatment Train
In late 2006, a preliminary initial treatment train was installed at Site A. This
included the following components:


A small plastic submersible DC pump set about 3 feet below the water level in
MW-A1.



Electrical wires run from the pump to a small storage shed about 50 feet away.
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A DC/AC converter to allow the AC power at the site to effectively run the DC
pump



A timer capable of running on either AC and DC power to operate the pump



A 1,500 gallon initial tank to hold water from the well for 10 days



A small slow sand filter with a capacity of 400 gallons per day fitted with a
sample port to allow sampling of outflow from the sand filter



Another 1,500 gallon tank to hold effluent from the sand filter

The initial & waste tanks and slow sand filter were placed in a plastic-lined area
diked to two feet high to contain any accidental releases. Because the pump had to be
small enough to fit down a 2” diameter monitoring well, it was not designed for
continuous use but rather for purging. The depth to water was 55’, the distance to the
initial tank was about 50’ feet, and the tank inlet was set about 10 feet high. The pump
has to push against about 65’ of head to get water to the tank. The pump produced
approximately 0.9 gallons per minute and could not be run for more than 15 minutes at
a time to prevent burn out. Therefore, the timer was set to run for 10 minutes an hour
every other hour. This allowed for collection of approximately 108 gallons of water each
day.

The initial tank is a 1,500 gallon capacity plastic tank standing approximately 12
feet tall with a diameter of about 6 feet. Water from the well drops into the tank from an
inlet about 10 feet up the side of the tank. Piping connecting this tank to the next
component relies on head to manage the tank water level. Water passes from the initial
tank only when the tank contains about 1,000 gallons (see Figure 7.1). At a pumping
rate of 100 gallons a day, this provides approximately 10 days of residence time in the
initial tank. The initial tank is also fitted with an electric float switch wired to the
electrical supply for the pump down the well. If the slow sand filter clogs and causes
the water in the initial tank to rise, the float switch cuts power to the pump when the
initial tank reaches a capacity of about 1,200 gallons.
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Figure 8.1 Initial Components in Treatment Train
Initial
Tank

Plumbing in
line with
1,000 gallon
capacity in
holding tank

1,000 gallon
point in tank

Waste
Water
Tank
Water fills to
height of
sand filter
and then is
hauled away.

Slow Sand
Filter

Spigot for
Sampling

This system ran for about 6 weeks beginning in October 2006. Figure 8.2 shows
the tank system prior to installation of insulation of the pipes and sand filter to prevent
freezing during winter months.

Figure 8.2 Photo of Initial Tank, Slow Sand Filter, and Waste Tank at Site A

The slow sand filter was installed to decrease suspended solids and remove
residual VOCs without the use of a roughing filter requiring maintenance or electricity.
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Raw water from the well and output from the sand filter was analyzed for BTEX after
about 2 weeks of operation. The table below presents results of BTEX analysis for raw
water in late October, water that had accumulated in the initial tank and water that had
passed through the slow sand filter.

Table 8.5 VOC Analyses for Raw Water, Water in Initial Tank, and Effluent from Slow Sand
Filter, 2006

Analyzed
Constituent
Benzene
Ethylbenzene
Toluene
Total Xylene

Initial
SSF
Raw MW A-1 Tank Effluent
10/27/2006
11/13/2006
(mg/L)
0.462
0.23
0.489
0.44

134
17.9
87.1
96.8

52.1
13
2.53
51.9

Although BTEX concentrations were relatively in the well discharge, VOCs were
higher in the initial tank. The slow sand filter (SSF) effectively removed close to 50% of
each constituent but VOCs were still present in its outflow. Later, the treatment train
plans were modified to include a granular activated carbon (GAC) filter prior to the RO
unit to collect residual VOCs passing from the sand filter. Operation of the initial stages
of the treatment train also revealed that the sand filter clogged after 6 weeks of operation
at 100 gallons per day, or approximately 4,200 gallons. This is a normal part of slow
sand filter operation, which works through the buildup of a layer of bacteria in the top
few inches of sand. This top layer of bacteria increases through time and eventually
blocks flow. Since the rate of buildup of the layer of bacteria is dependent upon the
quality of water passing through the filter, it’s impossible to predict when this will
happen. “Harrowing” unblocks filter flow. It involves breaking up the schmutzdecke
layer in the top 2 inches of sand. The slow sand filter at Site A initially needed
harrowing about every 6 weeks.
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8.4 RO Feed Water
Feed water at site A was analyzed for a list of dissolved constituents to help
select a RO membrane. Water directly from the well and water from the slow sand filter
outflow (after 10 days of residence time in the initial tank) submitted for this analysis in
(See Table 8.6 for results).
Table 8.6 Water Quality Data for Effluent from Sand Filter, 2006

Sand Filtered
Water, MW-1A
10/23/2006
(mg/L) unless noted
Total Alkalinity
432
Chloride
1640
Fluoride
0.251
Nitrate as N
ND
Sulfate
45.3
Barium
0.706
Calcium
201
Magnesium
54.8
Potassium
8.04
Sodium
850
Iron
ND
Manganese
0.156
Silica
19.1
Strontium
0.835
Boron
0.2
pH
7.3
Turbidity (NTU)
0.96
Analyzed
Constituent

The natural levels of barium and calcium are high enough to cause scaling in an
RO unit. Initial turbidity showed an NTU of over 100, which was decreased
significantly by settling in the initial tank & passage through the slow sand filter.

In early 2007, components for the entire system were assembled. Due to
relatively high barium levels in the feed water, the RO vender recommended a water
softener (ion exchange) to reduce hardness, including magnesium, calcium and barium.
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The assembled system employed residence time, a slow sand filter, a small tank to
collect water connected to a pump and pressure bladder, a water softener, a granular
activated carbon filter, a 5 micron filter and a reverse osmosis membrane selected based
on feed water characteristics and the low volume goals of the system.
Figure 8.3 Sketch of Full Treatment Train, January 2007
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tank

Softener
lowers TDS
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Mg & Ca

Activated
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removes
residual
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Water
Tank
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VOC removal
Initial Tank
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volitilization
Slow Sand
Filter

Reject RO water
to brine tank

Pump
Softener
waste stream
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Wildlife
water tank

Timers run the system, which is checked by electric float valves in the initial tank
and the wildlife tank to shut down the system should either of them come in danger of
overflowing. Table 8.7 Presents water data collected in the first and third weeks of
successful operation. The low levels of toluene shown here were correlated to the glue
in plumbing and dissipated with continued operation.

Table 8.7 Water Quality at the End of Weeks One & Three of System Operation at Site A

Sample

Sample
Date

TDS

Chloride Benzene

Toluene

Ethyl
Total
Benzene Xylenes

(mg/L)
RO treated
RO feed
RO waste

3/13/2007
3/27/2007
3/13/2007
3/27/2007
3/13/2007
3/27/2007

151
146
3,593
3,763
6,967
6,951

96
88
1,759
1,819
3,599
3,759
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<0.002
<0.002
<0.002
<0.002
<0.002
<0.002

0.07
0.011
<0.002
<0.002
0.027
0.004

<0.002
<0.002
<0.002
<0.002
<0.002
<0.002

<0.002
<0.002
<0.002
<0.002
<0.002
<0.002

Figures 8.4-8.6 show key components of the system. In Figure 8.4 the initial tank, sand
filter and waste tank are visible to the right of the storage shed; the small collection tank
is visible inside the shed.
Figure 8.4 View of system from MW-A1.

Figure 8.5 The housing for the GAC filter, micron filter, and membrane, system gauges and
RO pump

78

Figure 8.6 The Wildlife Tank, Outfitted with a Float Switch and Ladder

8.5 System Operation

Since the complete system was launched in early 2007, operation has
encountered difficulties. Due to the remoteness of the site, the system was originally
checked weekly. Although float switches are designed to stop the well pump to prevent
accidental releases. After four weeks of successful operation in March, the membrane in
the RO unit no longer passed water and had to be replaced. When the membrane was
replaced, the micron filter was replaced and a larger GAC filter was added. The system
ran for another four weeks and failed in late May. During a routine system check, the
fittings in the pipes were all found to be loose. The small collection tank in the building
had drained, causing the pressure pump to turn on and run for an unknown amount of
time, apparently burning out the check valve. The membrane, micron filter, pressure
switch, and check valve in the pressure pump were all replaced.

A sample from each of the failed membranes from operation in March and May
was extracted for observation with a Scanning Electron Microscope (SEM). The SEM
gives a close picture of the surface of the membrane and scans for the chemistry of the
surface. The results of the SEM are shown in Figures 8.9 to 8.12.
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Figure 8.9 SEM image magnified 1500 times for the RO membrane sample from March
operation.

Figure 8.10 Energy Dispersive x-ray Spectroscopy (EDS) result indicates the elemental
composition of the uniform deposits shown in Figure 7.9. (Au and Pd are from the coating
material for SEM analysis.)
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Figure 8.11 SEM image magnified 1500 times for the RO membrane sample from May
operation.

Figure 8.12 Energy Dispersive x-ray Spectroscopy (EDS) result indicates the elemental
composition of the uniform deposits shown in Figure 7.11. (Au and Pd are from the coating
material for SEM analysis.)

Both samples exhibited high levels of calcium, the sample from operation in
March showed higher levels of magnesium than the one from operation in May. As
both samples were analyzed in June, the hold times were very different. It is unknown
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whether the differences in crystalline structure seen on the two membranes are due to
differences in scaling in the section of the membrane observed, or in crystalline
development which could be influenced by hold times or scaling. The feed water
contains relatively high levels of calcium and magnesium (201 and 54.8 mg/L
respectively). Observation of the scaling problem led to the conclusion that the softener
was either not operating correctly, or was insufficient for the hardness load of the feed
water.

The softener’s internal regeneration clock was restarted every time the power to
the system was turned off, which interfered with the scheduled regeneration. Field
analysis of hardness of inflow into the softener and effluent from the softener showed a
hardness level above 400 in the inflow and about 180 on the outflow. The softener was
indeed functioning but not at the required efficiency. Since the softener capacity is
sufficient for the feed water hardness, it was concluded that additional regeneration
cycles should bring the system back into order. Manual regeneration was added to the
weekly system maintenance schedule. Directly after regeneration, field tests showed the
softener was reducing hardness from above 400 to below 40, the lowest reading on the
field test kit. Testing hardness of softener influent and effluent was added to the weekly
data collection duties of field personnel to track softener performance.

During operation in the month of August, the system was set to draw in
approximately 400 gallons of water a day to increase the volume of treated water. With
an average recovery rate of 30%, this produced about 120 gallons of treated water each
day. This also substantially decreased the residence time of feed water in the initial tank
from about 10 days to 2.5 days. Levels of hydrocarbons increased in the initial tank and
the water took on a dark brown color; a sheen developed on the surface. BTEX observed
in the May 2007 sampling event was higher than the January 2007 sampling event.
Further, increased harrowing of the sand filter (every other day) was required to keep
the filter from getting clogged.
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Table 8.8 Recent BTEX data from MW-A1

Sample
Date

Benzene Toluene

Ethyl
Total
Benzene Xylenes

(mg/L)
1/9/2007
5/23/2007
9/19/2007

0.486
0.557
0.902

0.577
0.387
0.706

0.185
0.323
0.582

0.333
0.681
1.14

Increased levels of hydrocarbons in the initial tank were likely due to a
combination of increased draw down in the pumping well and to the substantially
shorter residence time in the initial tank. Operators concluded at the end of the summer
of 2007 that increasing the flow rate of pumped water only inhibited the performance of
the system and that the RO system works best when calibrated to approximately 30%
recovery. Extraction rates were re-adjusted to approximately 120 gallons per day,
allowing for about 36 gallons of treated water each day at the current efficiency.

8.6 Troubleshooting
Since operation began with a small portion of the treatment train in October of
2006, various features to simplify system operation have been added:
x

heating and cooling components for the system storage shed,

x

flow meters to keep track of intake and outlet volumes,

x

modified operation datasheets,

x

electrical float switches,

x

a wildlife ladder in the stock tank to prevent accidental drowning of small
animals,

x

additional micron and GAC filters,

x

additional sampling ports, and

x

additional maintenance including regularly scheduled regeneration of the
softener and harrowing of the sand filter.
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Lessons learned during the first few months of operation:
x

Clearly label pipes and flow meters for easy identification by any personnel who
visit the site

x

Avoid pushing the system beyond design capacity or recovery rate

x

Certain infrastructure elements can make the system more robust by allowing for
higher quality equipment or decreasing needed maintenance:
o

4” well casing to accommodate larger submersible pumps

o

Conventional 120 v AC electricity to run system (as opposed to DC, solar
power)

o

Heating and cooling for system structure

o

Regular regeneration of ion exchange

o

Large holding tanks for raw water, waste water

The operator and maintenance workers displayed a repeated preference for
reliable, predictable system components. The slow sand filter, for example, never got
much love due to the fact that it is always difficult to determine when it will become
blocked based on fluctuations in water quality, and that its malfunction interrupts the
entire system by blocking water flow to the rest of the treatment train. The operator
would prefer a roughing filter, even though it would increase the overall treatment
system’s electrical consumption, if it would be more reliable. The ion exchange,
pressure bladder and check valve were also sources of consternation due to lack of
surety about how they operate and why they were necessary.
In sections 9, 10, and 11 the economics and environmental costs of this system
and the other abatement strategies will be discussed, compared and evaluated.
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9.0 Costs of Systems
When the concentration of contaminants in ground water exceed standards, an
abatement strategy is required. Other than a clause that allows for a “feasibility”
evaluation, environmental regulations do not consider cost a limiting factor. In
circumstances in which remediation is deemed infeasible due to prohibitive cost or other
physical dynamics, the NMOCD or NMED may elect to make exceptions in their
requirements. The NMED says it “encourages” alternative remediation strategies that
reduce costs or increase efficiency without diminishing the benefit of remediation
outcomes.

Monetary costs for various ground water restoration strategies are calculated in
this chapter. This analysis assesses the costs of five possible ground water abatement
strategies for ground water impacted with both hydrocarbons and dissolved solids due
to produced water releases as presented in Table 7.1.
x

Natural attenuation alone

x

Natural attenuation and a vadose zone remedy

x

Ground water pumping to capture contamination & a vadose zone remedy

x

Point source treatment to replace resources & a vadose zone remedy

x

Limited treatment for industrial use & a vadose zone remedy

Presented costs of systems are based on actual invoices, professional experience
and estimates given by venders and operators. They serve as giving a ballpark figure,
but should not be considered exact. Effort has been made to capture total costs incurred,
including freight costs for shipped items, maintenance, travel, trouble-shooting as well
as materials and equipment, however, consulting and maintenance labor expenses are
omitted.
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9.1 Natural Attenuation Alone
In this case, natural attenuation, dilution and dispersion are relied upon to
dissipate ground water impact. Here, no ground water extraction or treatment is
performed, and the site is merely monitored for TDS, chloride, and common
hydrocarbons on a quarterly basis. Table 9.1 presents the cost per month of this
remediation strategy.
Table 9.1 Estimated Costs of Quarterly Monitoring Only

Component

Approximate Cost

Gas, quarterly sampling
Quarterly analytical
Total Monthly costs:

$2
$80
$82

9.2 Natural Attenuation and a Vadose Zone Remedy
The vadose zone remedy discussed in Sections 6 and 7 is one way a barrier may
be installed to prevent chloride in the subsurface from wicking up to the root zone. It
also slows and eventually stops the percolation of chloride down through the vadose
zone toward the aquifer. The one time costs incurred to install the vadose zone remedy
at site A are shown in Table 9.2.
Table 9.2 Estimated Initial Costs to Install Vadose Zone Remedy

Component
Dirt for fill
GCL
Earth work
Seed
Total One-Time Costs

Approximate Cost
$6,000
$1,600
$18,000
$400
$26,000

The vadose zone remedy will take many years to take effect, and so quarterly
monitoring is expected to continue at a site. Continuing costs are generated by quarterly
monitoring and so are exactly the same as those presented in Table 9.1.
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9.3 Ground Water Pumping
In this scenario, it is assumed that one well was installed for ground water
monitoring and only three more are necessary. Here, submersible pumps like the ones
used in the other abatement strategies are included for each of the four wells necessary
to operate this abatement strategy. As the system calls for the extraction of over 5,000
gallons of water each day, two 70 barrel tanks are included in initial costs. Electrical
wiring is installed and earth work for berming around the tanks is included.
Table 9.3 Estimated Initial Costs to Install Ground Water Pumping Strategy

Component
System housing
3 Additional wells drilled
Two Large Tanks
4 submerssible pumps
4 float switches
Earth work
Plastic for lining
Electrical wiring
Gravel
Vadose zone remedy
Total One-Time Costs

Approximate Cost
$500
$10,000
$20,000
$4,000
$400
$2,000
$400
$3,000
$200
$26,000
$66,500

After the system is installed, on-going costs are associated with weekly
maintenance, daily water hauling and quarterly sampling are presented in Table 9.4.
Table 9.4 Estimated Costs of On-going Ground Water Pumping

Component
Gas, for weekly maintenance
Gas, for daily water hauling
Occasional System Repairs
Quarterly analytical
Total Monthly costs:

Approximate Cost
$22
$434
$25
$80
$561
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The initial year of operation for this system brings a price tag of $73,232. If the
system continues operation for five years with only minor repairs and system
replacement costs, subsequent annual operation comes to $6,732.

9.4 Point Source Treatment for Potable Water
In the potable water scenario, the site must be prepared, including berming and
lining the area where large tanks sit to provide secondary containment in the event of a
release. Electricity may need to run to the site and wiring is necessary to run the system,
which must be sheltered from the elements. System equipment presents material cost,
as does travel to set up and maintain the system, waste hauling, and analytical samples.
Labor hours to install and maintain the system are not included. The tables below
present the actual costs encountered in building the system discussed in Section 8. This
system employs a very small RO unit and is not capable of operating well with an intake
greater than 200 gallons per day and a 30% RO recovery rate. This system can thus
produce 30-60 gallons of treated water each day. Costs for a larger and more robust
system would be higher.
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Table 9.5 Estimated Initial Costs of RO System

System Components
RO package
RO membrane
Micron filter
GAC cartridge
Two 1,500 gal tanks
100 gallon tank
Stock tank
Float switches, piping, fittings, check
valves, misc supplies
Flow meters
Electric float switches
Converter
Submersible pump
Pipe insulation
Shed
Space heater
Cooling fans
Electrical wiring
Earth work
Plastic for lining
Ladder
Gravel
Vadose zone remedy
Total One-Time Costs

Approximate
Cost
$2,600
$80
$40
$35
$2,000
$300
$590
$1,000
$300
$80
$140
$1,000
$3,000
$2,000
$30
$100
$3,000
$2,000
$400
$200
$200
$26,000
$45,095

Table 9.6 Estimated On-going Costs of RO System

Component

Approximate Cost

Gas, for weekly maintenance
Gas, for bi-weekly waste hauling

$22
$28

Routine replacement of membranes,
filters, parts

$80
$240
$370

Monthly analytical
Total Estimated Monthly costs:

89

The initial year of operation for this system brings a price tag of $49,535. If the
system continues operation for five years with only minor repairs and system
replacement costs, annual operation is estimated at $4,440. If the system ran
continuously all year long and successfully treated 30-60 gallons each day, this works
out to a cost of $2.15-1.07/gallon in the first year, or, assuming successful operation for 5
years, an average cost of $0.82-0.41/clean gallon of water, respectively. As a
comparison, it was noted earlier that oil & gas producers estimate they spend $0.69 per
barrel to dispose of produced water ($0.016/gallon).

9.5 Limited Treatment for Industrial Use
In this scenario, site preparation is still required, but the proposed system is
much smaller. In order to make this system as comparable to the RO one above, the
costs presented below assume the same amount of water storage at the site and that
electrical wiring is required. This system will consist of pumping water to the surface,
running it through a robust granular activated carbon filter to remove organic
constituents present, and then hauling this water (still containing high levels of total
dissolved solids) for use in dust suppression on roads, or line maintenance.
Table 9.7 Estimated Initial Costs of Water for Industrial Use

System Components
System housing
GAC Cartridges
Two 1,500 gal tanks
Float switches, piping, fittings,
check valves, misc supplies
Flow meters
Submersible pump
Insulation
Electrical wiring
Earth work
Plastic for lining
Gravel
Vadose zone remedy
Total One-Time Costs

Approximate
Cost
$500
$100
$2,000
$500
$100
$1,000
$1,000
$3,000
$2,000
$400
$200
$26,000
$36,800
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This system is simpler than the RO unit so it is assumed that bi-weekly
maintenance and quarterly sampling will be sufficient to keep the system running well.
Monthly costs are presented in Table 9.8.
Table 9.8 Estimated On-going Costs of Saline Water Producing System

Component

Approximate Cost

Gas, for bi-weekly maintenance
Gas, for bi-weekly water hauling
Routine replacement of filters, parts

$11
$28
$40
$80
$159

Quarterly analytical
Total Monthly costs:

Here it is assumed that no more than 100 gallons of water are pumped daily to
allow for only bi-weekly water hauling given the small tank capacities at the site.
However, all of the water pumped to the surface is treated and used and so the output
of treated water is higher than the RO unit in the scenario discussed above. The
estimated total cost of constructing and running the system in the first year is $12,710.
With the addition of the vadose zone remedy, it’s $38,710. Assuming annual
maintenance costs of $1,910, and use for 5 years, the average cost per year is $4,070.40. If
the system produces 100 gallons/day all year long, the cost of water in the initial year is
$0.35/gallon. Over five years, the cost is $0.11/gallon.

9.6 Comparison and Evaluation of Economic Costs of Abatement Strategies
The initial costs and on-going costs of each abatement strategy as discussed are
presented in Table 9.9. Table 9.10 shows total costs of operation at 5 years, 10 years, and
20 years into the future. Figure 9.1 presents the data from Tables 9.9 and 9.10 in a bar
graph format. In this analysis, the ground water pumping scenario is the most costly to
install and to maintain. The point source treatment for potable water is the second most
costly, followed by limited treatment, and the vadose zone remedy alone. Natural
attenuation is the least expensive option. In Section 10, the environmental cost of
operating these systems is examined and discussed.
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Table 9.9 Estimated Initial and On-going Costs of Abatement Strategies

Natural Attenuation
Vadose Zone Remedy

$984
$26,000

Subsequent
Annual
$984
$0

Ground Water Pumping
& Vadose Zone Remedy

$73,232

$6,732

Point Source Treatment &
Vadose Zone Remedy

$49,535

$4,445

Limited Treatment &
Vadose Zone Remedy

$38,710

$1,910

Abatement Strategy

Initial Year

Table 9.10 Estimated Total Costs of Operating Abatement Strategies for 5, 10 and 20 years

Abatement Strategy
Natural Attenuation
Vadose Zone Remedy

Five Years
$5,904.00
$26,000.00

Ten Years
$10,824.00
$26,000.00

20 Years
$20,664.00
$26,000.00

Ground Water Pumping
& Vadose Zone Remedy

$106,892.00

$140,552.00

$207,872.00

Point Source Treatment &
Vadose Zone Remedy

$71,760.00

$93,985.00

$138,435.00

Limited Treatment &
Vadose Zone Remedy

$48,260.00

$57,810.00

$76,910.00

Figure 9.1 Estimated Costs of Five Considered Abatement Strategies with Totals for 5, 10 and
20 Years of Operation
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10.0 Environmental Impacts of Systems
In 1969, the National Environmental Policy Act (NEPA) created national goals
and policies for environmental protection. One of the main provisions of this law was to
require federal agencies to prepare Environmental Impact Statements (EISs) to evaluate
the environmental effects of proposed legislation and projects. The resulting project
specific EIS must be considered in the decision making process and a Record of Decision
(ROD) must be written, discussing alternative options, the chosen action, and ways to
minimize or mitigate potential harm to the environment. Even though NEPA requires
that federal agencies take a careful look at environmental consequences of their actions,
it does not require that they choose the most environmentally sound alternative (Bishop,
2000).

Remediation of pollution to ground water in New Mexico with a TDS of 10,000
mg/L or less is required. State agencies require that active remediation strategies for
ground water abatement to meet water quality standards. Yet little literature exists
regarding the environmental impact of environmental clean up and remediation
activities. When a company uses an abatement remediation strategy that requires
energy consumption, the clean up itself causes impact to the environment through
electricity consumed, additional energy consumption to drive to and from the site,
disturbance of the surface for equipment, delay in surface restoration and re-vegetation
efforts, waste disposal practices, and demand for plastics and metals that make up
required equipment. At what point is the environmental cost of remediation balanced
by the environmental good it accomplishes? At what point does the environmental cost
of active clean up strategies outweigh the environmental benefit they yield?

In recent decades, Environmental Impact Statements and Life Cycle Analyses
have been employed to attempt to quantify or at least consider the effects of products
and actions on the environment. These assessments seek to list and quantify how
industrial processes and consumer goods affect our resources and our environment.
EIA and LCA are complicated processes, as many resources go into the production of
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one product. For example, the production of a simple construction nail requires mining
of iron, cutting and shaping the iron into a nail, coating the nail, packaging and shipping
finished products. This means the consumption of iron, the use of energy to transport
resources and run equipment, the use of solvents and/or other lubricants in the
manufacturing process, the use of water to cool equipment, the creation of air pollution
through harmful emissions, the creation of waste for packaging and, at the end of the life
of the nail, in the need to dispose of the nail itself (Bishop, 2000).

Energy consumption has immediate and long term consequences. If energy
comes from coal burned to create electricity, or from oil or natural gas for electricity or
transportation, in both cases non-renewable resources are consumed. Burning coal or
petroleum products creates air pollution in the form of dust and hazardous gases as well
as the production of large volumes of carbon dioxide emissions, which contribute to
greenhouse gases (EPA, 2007). Ground water is certainly a resource that state and
federal agencies have been charged to protect, but mineral resources and air quality also
impact our environment. It is difficult to quantify the value of clean water, let alone to
compare it to the value of clean air. This section attempts to weigh the environmental
cost of remediation strategies that consume resources against the costs associated with
strategies that do not.

10.1 Emissions in the United States
The Inventory of US Greenhouse Gas Emissions and Sinks: 1990-2005 (EPA, 2007)
was consulted for background and information on the status of air quality and
greenhouse gases in the United States. According to this report, a short list of gases in
the atmosphere contribute directly to the greenhouse effect by absorbing radiation.
These include carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O), and a few
others. While all of these gases occur naturally in the atmosphere, human activities have
increased their concentrations. It has been estimated that CO2, CH4, and N2O have
increased globally by 25, 143, and 18 percent, respectively, since the end of the preindustrial era (about 1750) to 2004. The Intergovernmental Panel on Climate Change
(IPCC) stated that “the increased amount of CO2 [in the atmosphere] is leading to
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climate change and will produce, on average, a global warming of the Earth’s surface
because of its enhanced greenhouse effect – although the magnitude and significance of
the effects are not fully resolved.” (EPA, 2007).

Other gases may contribute indirectly by chemically transforming into
greenhouse gases, influencing the atmospheric lifetimes of other gases, or affecting
cloud formation. In order to compare the heat trapping ability of individual gases to
others, the Global Warming Potential (GWP) was developed. The GWP of a given gas is
defined as “the ratio of the time-integrated radiative forcing from the instantaneous
release of 1 kilogram (kg) of a trace substance relative to that of 1 kg of a reference gas”
(EPA, 2007). GWP-weighted emissions are measured in teragrams of CO2 equivalent
(Tg CO2 Eq.) as CO2 is the reference gas used. For reference, CH4 is considered 21 times
more effective at trapping heat in the atmosphere than CO2, and N2O is listed as 310
times as effective. Sulfur hexafluoride (SF6) is one of the most potent greenhouse gases
identified, due to high warming potential and a very long atmospheric lifetime, it is
considered 23,900 times more effective than CO2 in trapping heat in the atmosphere.

Figures 10.1 and 10.2, as presented in the Inventory of US Greenhouse Gas

Emissions and Sinks: 1990-2005 (EPA, 2007) , show the relative contribution of direct
greenhouse gases to total US emissions in 2005, as well as a visual presentation of the
sources of these gases.
Figure 10.1 2005 Greenhouse Gas Emissions by Gas (percents based on Tg CO2 Eq.). EPA,
2007.
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CO2 accounted for 83.9% of greenhouse gases released from human activities in
the United States in 2005. The largest source of CO2 was fossil fuel combustion.
Figure 10.2 2005 Sources of CO2 in United States, EPA 2007.

The EPA reports that there are four main end-use sectors contributing to CO2
emissions from fossil fuel combustion in 2005: transportation activities (more than 60%
of these emissions come from personal vehicle gasoline use), industrial emissions,
residential and commercial end-use sectors, electricity generation (produced 41 percent
of CO2 emissions in 2005, consuming 36 percent of US energy from fossil fuels). While
some electrical generation comes from low CO2 emitting processes like hydroelectric or
geothermal, more than half of all electrical generation relies on coal.

10.2 Evaluating Environmental Impact
Environmental impact can result from the consumption of resources for
materials or for energy in industrial processes, in the generation of waste into the air,
water, or in solid forms, or through the destruction of habitat through deforestation or
strip mining. Many human activities have multiple environmental impacts, from
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consumption of electricity, water, and materials while generating waste by building
homes, doing work, and taking part in recreation. Analysis of the environmental impact
of any process may look at one or many ways actions affect the environment.

Here, five chosen abatement strategies are examined for their environmental
costs and benefits. These strategies are evaluated by comparing environmental costs
such as energy consumed and waste generated, to environmental benefits such as mass
of contaminant removed, and replacement of resources that would have been consumed
otherwise. The five abatement strategies could all potentially be applied to the case
study sites described earlier and will be evaluated for those specific site characteristics.
This is not an exhaustive list of possible ground water remediation strategies, nor is it a
complete evaluation of environmental costs and benefits. The purpose of this
assessment is to evaluate the environmental costs of these abatement strategies through
analysis of an energy balance converted to equivalent CO2 emissions. Each strategy is
evaluated for the energy it consumes and saves through its implementation. These five
strategies are:
x

Natural attenuation alone

x

Natural attenuation and a vadose zone remedy

x

Ground water pumping to capture contamination & a vadose zone remedy

x

Point source treatment to replace resources & a vadose zone remedy

x

Limited treatment for industrial use & a vadose zone remedy

Of course, natural attenuation is at work in all five cases. In both of the strategies
that call for active treatment of ground water, more than one water treatment volume
will be considered to allow for assessment of any economies of scale.

10.3 Impacts of Electricity Use
Electricity is one of the most popular energy sources for residential and
commercial end users (EPA, 2007). In the United States, electricity is most commonly
generated by coal, nuclear power and natural gas, but is also generated using
hydropower, oil, and other sources such as solar and wind power.
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Figure 10.3 US Electrical Power By Fuel Type, 2005. Source: Energy Information
Administration, 2007.

The US EPA reports that environmental impacts from electricity generation
include: air emissions, water resources use, water discharges, solid waste generation,
and land resource use. While the EPA discusses each of these impacts, specific
measured impacts such as quantities of water consumed or discharged, or amounts of
waste generated, are rarely discussed. Air emissions is an exception to this general rule.
The EPA has generated estimates of air emissions impacts as they vary from one fuel
source to another, presented in Table 10.1.
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Table 10.1 Air Emission Impacts of Electricity Generation. (EPA, 2007)

Fuel Type

Average Emission Rates (lbs/MWh)
Carbon Dioxide
Sulfur Dioxide
Nitrogen Oxides

Natural Gas
Coal
Oil
Nuclear Energy
Municipal Solid Waste
Hydroelectricity
Solar
Geothermal
Biomass
Landfill Gas
Wind

1,135
2,249
1,672
0
2,988
0
0
0

0.1
13
12
0
0.8
0
0
0

1.7
6
4
0
5.4
0
0
0

not quantified
0

0

0

The EPA keeps a database of reported emissions for electrical generation by
region. It is possible to enter a zip code on the EPA website and read about the air
emissions associated with electricity generated in the area. Using the Hobbs, NM zip
code, the EPA reports that the region’s electricity is fueled by: 59% Coal, 34% Gas, 4%
Hydropower and 2% Non-Hydropower Renewable Fuels. The EPA reports the
following emissions rates:
Table 10.2 Reported Emission rates for electrical generation in Hobbs, NM (EPA, 2007).

Emission Rate
(lbs/kWh)

Carbon Dioxide

Sulfur Dioxide

Nitrogen Oxides

1.761

0.0039

0.0026

Some gases have a more potent greenhouse effect than others. While the Global
Warming Potential (GWP) for sulfur dioxide is about 1, indicating it is about as effective
at trapping heat in the atmosphere as carbon dioxide, nitrogen oxides are considered 310
times as effective. The table below presents the estimated CO2 emissions equivalent for
each gas and for the cumulative effect of all these gases.
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Table 10.3 Emission Rates Showing CO2 Equivalencies for Electrical Generation in Hobbs,
NM (EPA, 2007).

Carbon
Dioxide
Emission Rate
(lbs/kWh)

1.761

Sulfur Dioxide

Nitrogen Oxides

(CO2 equivalent)
0.0039

0.806

Total CO2
Equivalent
2.571

10.4 Impacts of Personal Vehicle Use
CO2 emissions associated with a gallon of fuel have been calculated by the
Intergovernmental Panel on Climate Change (IPCC) and reported by the EPA. To
calculate emissions, an oxidation factor is applied to the carbon content of a fuel to
account for the small portion of the fuel that is not oxidized into CO2. For oil and oil
products, an oxidation factor of 0.99 is used.

To calculate the CO2 emissions associated with using a gallon of gasoline, the
carbon emissions are multiplied by the ratio of the molecular weight of CO2 (44) to the
molecular weight of carbon (12): 44/12. The Code of Federal Regulations (40 CFR
600.113) provides values for carbon content used by the EPA:

Gasoline carbon content per gallon: 2,421 grams
Diesel carbon content per gallon:

2,778 grams

CO2 emissions from a gallon of gasoline are thus calculated: 2,421 g/gallon x 0.99 x
(44/12) = 8,788 grams/gallon = 19.4 pounds/gallon

For every gallon of gasoline a vehicle consumes, 19.4 pounds of CO2 are released into
the atmosphere.

10.5 Considering Impacts of Abatement Strategies
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For the coming sections, CO2 emissions associated with the generation of each
kilowatt hour were calculated based upon EPA reported levels of greenhouse gases
emitted during generation of electricity supplied to the Hobbs, NM area. Sulfur dioxide
is considered equivalent to carbon dioxide, but nitrogen oxides were weighted to
convert to carbon dioxide equivalencies. As discussed above, production of each
kilowatt hour (kWh) produces 2.571 pounds of CO2 equivalencies. Gasoline
consumption associated with driving to and from the site for maintenance and for
hauling of waste is also converted to CO2 emissions. The trucks driven for maintenance
drive about 20 miles round trip each week and get about 10 miles to the gallon. The
trucks that haul waste run on diesel fuel travel about 50 miles round trip to pick up and
remove waste from the site bi-weekly. The EPA’s calculation of 19.4 lbs CO2/gallon for
gasoline and 22.2 lbs CO2/gallon diesel is applied.

10.6 Impacts of Natural Attenuation Alone
In this scenario, no active treatment system is proposed, and thus no energy is
expended or saved for ground water treatment or extraction. The only energy used is
reflected in the quarterly travel to and from the site for ground water sampling and
monitoring. The table below presents the estimated CO2 emissions associated with this
practice on a monthly basis.
Table 10.4 Estimated CO2 Emissions for Quarterly Monitoring

Quarterly Monitoring

Monthly

Annually

Average Energy Use (gal gas)

0.67
13

8.04
155

CO2 Equivalent Emissions (lbs)

Annual quarterly monitoring carbon dioxide emission production is roughly
similar to driving a passenger car for about 5 days. As discussed in Section 7, it is not
known how many years natural attenuation alone would require for ground water
quality at either site to meet standards. However, it is very likely greater than 12 years.
As economic and environmental costs of strategies considered here extend 20 years, it is
assumed that natural attenuation alone will not have caused ground water to meet
standards in that time frame.
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10.7 Impacts of Natural Attenuation and a Vadose Zone Remedy
During the installation of the vadose zone remedy at Site A, a single dump truck
and a single backhoe worked for seven days blending contaminated soil with clean
purchased soil until concentrations in the soil were below standards and completing the
vadose zone remedy. Once the soil on site was ready, the two vehicles backfilled the
excavation according to the plan discussed in Section 6. These vehicles traveled
approximately 30 miles one way to reach the site and traveled back and forth between
the excavation and a nearby source of clean top soil during each of the seven days.
Table 10.5 presents the estimated CO2 emissions associated with the one time installation
of the vadose zone remedy. Once the vadose zone remedy is installed, quarterly
monitoring will be necessary until ground water quality reaches standards. It is
believed this will be accomplished in 4-16 years. CO2 emissions associated with
quarterly monitoring are the same as those presented above in Table 10.4.
Table 10.5 Estimated CO2 Emissions for Vadose Zone Remedy Installation

Single 7 day Installation

(kWh)

CO2 Emissions

(gal gas/diesel)

(lbs)

42
7

932
155

Trucks to/from site 7 days
Trucks working onsite 7 days
Total CO2 Equivalent Emissions (lbs):

1,088

10.8 Impacts of Ground Water Pumping to Contain Contamination
Four pumps extracting each 1,440 gallons per day remove 5,760 gallons per day.
In this scenario, weekly maintenance and daily waste hauling as well as the electrical
use of each pump are considered for their environmental impact.
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Table 10.6 Estimated CO2 Emissions for Annual Operation of Ground Water Pumping

Annual Estimated Energy Use

System Pumping 5,760 gal/day
CO2 Emissions (lbs)
(kWh)

Pump Use

636
(gal gas/diesel)
Weekly Maintenance
96
Daily Waste Hauling
1,860
Total Annual CO2 Equivalent Emissions (lbs):

1,634
1,862
41,292
44,789

If ground water quality remained the same, Table 10.7 shows the annual
contaminant removal with this strategy. This strategy is designed to remove enough
ground water to cut off the contaminant plume and remove impact from the aquifer. As
this strategy would need to be operated until the vadose zone remedy takes effect, it is
anticipated that it would have to operate for 4-16 years.
Table 10.7 Estimated Annual Contaminant Removal with Ground Water Pumping Strategy

Contaminant*

5,760 gpd Extraction
(pounds)

Chloride
89,498
TDS
170,046
Benzene
33
Toluene
23
Ethyl benzene
19
Xylenes
41
Total Mass of Contaminant
Removed per Year**:
170,162
gpd: gallons per day
*Assuming contaminant levels observed in May 2007
** To avoid double counting, contaminant mass summation
includes TDS and excludes individual Chloride level

10.9 Impacts of Point Source Treatment for Potable Water
As discussed in Section 6, the ground water at sites A and B outside of Hobbs,
New Mexico was impacted by chloride and hydrocarbon releases associated with
produced water. For the purposes of this investigation, the RO system described earlier
will be the subject of this evaluation. For the sake of scale assessment, volumes of
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treated water of 50 gallons/day, 200 gallons/day and 1,000 gallons/day will be
considered.

The RO system described in Section 7.0 has several pretreatment elements and a
reverse osmosis unit. The system is run on conventional electricity and uses many
components manufactured from metals and plastics. The environmental impact created
through the manufacturing of system components is beyond the scope of this
investigation and will not be considered. In an effort to make the environmental cost of
the system quantifiable, the system is evaluated based on energy usage and subsequent
CO2 emissions. Most of the RO system components rely on electricity, including the
submersible pump, the controller that regulates how often the system is activated, the
pressure pump that keeps the lines to the softener supplied, the softener itself, and the
RO unit.

Many of the components have horse power and amp ratings, but these only
indicate the projected power draw should the component be working at full capacity.
Under ideal circumstances, most of the system components should only be operating at
half or two thirds their capacity. To gain an accurate measure the electrical use of the
RO system, the monthly electrical bills for the system were examined and the average
monthly kilowatt hour use was taken for the average system electrical demand for the
entire system. Actual electrical usage may fluctuate from week to week, but the average
is considered representative of general electrical draws. Disposal of brine in
southeastern NM usually involves transporting the water to a disposal system and then
allowing the water to fall down a deep injection well via gravity; no energy costs for salt
water disposal are included outside of the calculation of energy use for the
transportation.

The estimated annual CO2 emissions associated with running the RO unit that
produces 50 gallons a day as designed and built outside of Hobbs, New Mexico, are
shown in Table 10.8.
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Table 10.8 Estimated Yearly CO2 Emissions: RO unit, 50 gallons a day

Annual Average Energy Use

System Producing 50 gal/day
(kWh)

RO system package

7,952
(gal gas/diesel)
Weekly Maintenance
96
Bi-weekly Waste Hauling
120
Total Annual CO2 Equivalent Emissions (lbs):

CO2 Emissions (lbs)
20,445
1,862
2,664
24,971

If the system was expanded to treat larger volumes of water, it is assumed that
the electrical draw of the system will increase proportionately to the increased water
treated. Subsequently, power needs of a hypothetical system producing 200 and 1,000
gallons of water each day are estimated by multiplying the observed electrical use of the
50 gallon/day system by 4 and 20, respectively. CO2 emissions associated with
maintenance and waste hauling are here held constant, assuming that an expanded
system could indeed support continued weekly maintenance and bi-weekly waste
hauling. Table 10.9 and 10.10 present estimated CO2 emissions for these two
hypothetical systems.
Table 10.9 Estimated Annual CO2 Emissions: RO unit, 200 gallons a day

Annual Average Energy Use

System Producing 200 gal/day
(kWh)

RO system package

31,808
(gal gas/diesel)
Weekly Maintenance
96
Bi-weekly Waste Hauling
120
Total Yearly CO2 Equivalent Emissions (lbs):

CO2 Emissions (lbs)
81,779
1,862
2,664
86,305

Table 10.10 Estimated Annual CO2 Emissions: RO unit, 1,000 gallons a day

Annual Average Energy Use

System Producing 1000 gal/day
(kWh)

RO system package

159,041
(gal gas/diesel)
Weekly Maintenance
96
Bi-weekly Waste Hauling
120
Total Yearly CO2 Equivalent Emissions (lbs):
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CO2 Emissions (lbs)
408,894
1,862
2,664
413,420

Estimated emissions per gallon of potable water produced are presented in table
10.11. Some economies of scale are realized as the system increases capacity.
Table 10.11 Estimated CO2 Emissions Per Gallon of Water Treated

Estimated CO2 emissions
(lbs)/gallon produced by system

50 gpd

200 gpd

1,000 gpd

1.34

1.16

1.11

The environmental benefit of a system is much more difficult to quantify than the
environmental costs. Environmental benefits of a remediation system include:
x

The mass of contaminants removed from the aquifer

x

Treated water that replaces other water that would have been pumped for a
beneficial use

x

Potentially keeping contamination out of surrounding wells, and possibly
sparing remediation of ground water in those wells

x

Potentially reducing the amount of time a site is subject to remediation and
monitoring efforts, thus reducing energy consumed for monitoring activities.

In the first case, contaminants are removed from the aquifer but no energy is
saved, and thus no change in CO2 emissions occurs. Table 10.9 presents estimated
contaminant mass removal of the three considered systems, given the water quality
characteristics observed at Site A in May of 2007. These estimates take into account a
30% recovery rate with the RO unit, and so assume extraction rates of 167, 667, and 3,333
daily in order to withdraw sufficient water to create 50, 200, and 1,000 gallons of potable
water respectively.
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Table 10.12 Mass of Contaminant Removed Annually at Different Extraction Rates

Contaminant*

50 gpd

Chloride
TDS
Benzene
Toluene
Ethyl benzene
Xylenes

777
1,476
0.29
0.20
0.17
0.35

200 gpd
1,000 gpd
(pounds)
3,103
5,896
1.15
0.80
0.67
1.41

15,505
29,460
5.76
4.00
3.34
7.04

Total Mass of Contaminant
Removed per Year**:
1,477
5,900
29,480
gpd: gallons per day
*Assuming contaminant levels observed in May 2007
** To avoid double counting, contaminant mass summation
includes TDS and excludes individual Chloride level

Clearly, the higher the contaminant concentrations, the greater the contaminant
mass removed with each gallon extracted. Removing contaminants from the aquifer
may, if in sufficient volume, slow or stop the migration of a contaminant plume, perhaps
sparing wells down or cross-gradient from contamination. It should also speed up the
rate at which ground water is returned to compliance with ground water standards. The
sooner ground water quality at a site meets ground water standards, monitoring and
remediation efforts may cease, bringing an end to expenditures of gas for maintenance
and waste hauling travel, and electricity to run a treatment system. As the ground water
pumping scenario predicts that 170,162 total pounds of contaminant must be removed to
cut off the contaminant plume altogether, it may be speculated that the 1,000 gallon per
day system removes about 1/6th the ground water necessary to remove contaminant
mass from the aquifer.

If treated water is put to a beneficial use and thus reduces the consumption of
other water in the area, the energy that would have been expended to extract that water
has been spared. Wells for watering stock and for irrigation that are pumped via electric
submersible pumps are common in the area where the system operates. As discussed
earlier, it is not possible to calculate the exact electrical draw of a motor operating at a
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specific task without measuring its electrical draw during operation. Manufacturer
specifications for pumps provide horsepower and voltage, but these reflect the motor’s
electrical requirements when operating at full power. Ideally, a motor operates at 5075% of its capacity to prevent burn out. In order to calculate the energy savings of using
treated water from a remediation system, the specifications for common small
submersible pumps were consulted. Assuming that the system replaces the need for a
4” pump to operate long enough to extract an equal amount of water in the same general
area, it is possible to calculate the rough electrical savings associated with using the
system’s treated water.

Kilowatt hours consumed by a motor may be calculated:
Horsepower x 0.746 x hours = kilowatt hours
The pumping cost is: Horsepower = Qh/3960E
Where
Q= flow (gpm)
H = head (ft)
E = pump efficiency
A pump at the well lifting against 65 feet of head at a rate of 5 gallons per minute with a
75% efficiency would use:
Horsepower = 5 * 65/3960 * 0.75 = 0.12 hp = 0.089 kw = 2.136 kwh/day

Thus, the 0.5 Horsepower pump should be sufficient for the job. If the pump is
operating at 5 gpm, it must run for 0.56 hours to draw 167 gallons, 2.22 hours to draw
667 gallons and 11.1 hours to draw 3,333 gallons each day. It is assumed that the pump
operates for these times for 31 days a month. Using the previously discussed
calculations of 2.571 lbs CO2/kWh consumed, and the electrical use of the pump above,
saved CO2 emissions may be calculated.
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Table 10.13 Monthly Electrical Draw and Associated CO2 emissions of Grunfos Pump at
Different Extraction Rates

Grunfos 5 gpm Pump

50 gpd

0.5 Horsepower

1.55

200 gpd
1000 gpd
(kWh/mo)
6.12
30.65
(CO2 lbs/mo)

3.97

15.75

78.81

Table 10.14 presents the estimated total environmental cost of the RO system,
with the estimated benefit of conserving water subtracted. Clearly, the RO system uses
more electricity than it saves, creating a net increase in CO2 emissions of 24,923, 86,116,
and 412,475 lbs per year of operation of a system that treats 50, 200, and 1,000 gallons
per day respectively.
Table 10.14 Annual CO2 Emissions in pounds associated with each system

CO2 Balance Components
Emissions of System
Savings with water replacement
Net Annual CO2 Emissions

50 gpd

200 gpd
1,000 gpd
Estimated Annual CO2 (lbs)

24,971

86,305

413,420

-48

-189

-946

24,923

86,116

412,475

10.9 Impacts of Limited Treatment for Industrial Use
In the scenario with saline water production, much of the energy of the RO
system is avoided, as it requires only the pumping of the well. Pressure to push the
ground water through a granular activated carbon filter to remove organic constituents
is provided by the submersible pump down the well. Here, the only additional energy
use comes from gas consumed to travel to and from the site to check the system and test
ground water. This system is substantially simpler than the RO system, so biweekly
maintenance trips are considered sufficient. This system produces no waste stream
because all extracted water may be used for pipeline flushing or road maintenance. It is
assumed that this system has a large enough storage capacity to permit bi-weekly trips
to haul away the treated saline water. As there is a 100% “recovery rate” associated with
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this system, it is assumed that 50 gallons extracted is 50 gallons produced. Table 10.11
presents the estimated electrical draws and of the 50 gallon per day system.
Table 10.15 Estimated Yearly CO2 Emissions: Industrial Use, 50 gallons a day

Annual Average Energy Use

System Producing 50 gal/day
(kWh)

CO2 Emissions (lbs)

Pump Use

5.53
(gal gas/diesel)
Bi-weekly Maintenance
48
Bi-weekly Waste Hauling
120
Total Yearly CO2 Equivalent Emissions (lbs):

14.22
931.2
2664
3,609

If the pumped water is used to replace water that would have been extracted
with a pump similar to the one employed here, the energy saved would cancel the
energy expended to pump the water, and only the energy consumed to tend to weekly
maintenance and bi-weekly waste hauling would be on the balance sheet.

Table 10.16 Estimated Yearly CO2 Emissions: Industrial Use, 200 gallons a day

Annual Average Energy Use

System Producing 200 gal/day
(kWh)

CO2 Emissions (lbs)

Pump Use

22.18
(gal gas/diesel)
Bi-weekly Maintenance
48
Bi-weekly Waste Hauling
120
Total Yearly CO2 Equivalent Emissions (lbs):

57.03
931.2
2664
3,652

The table below shows estimated pump use and associated carbon dioxide emissions
associated with running 200 and 1,000 gallon per day systems.
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Table 10.17 Estimated Yearly CO2 Emissions: Industrial Use, 1,000 gallons a day

Annual Average Energy Use

System Producing 1000 gal/day
CO2 Emissions (lbs)

(kWh)

Pump Use

110.25
(gal gas/diesel)
Bi-weekly Maintenance
48
Bi-weekly Waste Hauling
120
Total Yearly CO2 Equivalent Emissions (lbs):

283.45
931.2
2664
3,879

This table shows estimated energy use should the pump use be cancelled by
energy savings due to applying pumped water to a beneficial use elsewhere:

Table 10.18 Estimated Yearly CO2 Emissions Assuming the Pump Replaces Water

Any System

Annual Average Energy Use
(kWh)

Pump Use

0.00
(gal gas/diesel)
Bi-weekly Maintenance
48
Bi-weekly Waste Hauling
120
Total Yearly CO2 Equivalent Emissions (lbs):

CO2 Emissions (lbs)

0.00
931.2
2664
3,595

In the scenario in which the pumped water replaces water that would have been
extracted anyway, the environmental impact of the system is the same regardless of the
pump volume. Estimated energy to maintenance and “waste” hauling produces 3,595.2
pounds of CO2 equivalents a year. This roughly equates to driving a passenger car for 4
months.

10.10 Comparing Abatement Strategy Impacts
In the scenarios discussed above, five different strategies are considered to
address ground water impacted with chloride and hydrocarbons. The impact of each
strategy is considered based on energy demanded and CO2 equivalent emissions created
in a year of operation. Table 10.19 presents the estimated annual CO2 equivalent
emissions in pounds for the five abatement strategies discussed (using the 200 gpd
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system estimates for the point source treatment and limited treatment options) as well as
for the average passenger car in the United States and give totals for operation of each
system for 5, 10, and 20 years. The point source treatment strategy creates the most CO2,
followed by the ground water pumping strategy, which produces a little more than half
of the CO2 the point source treatment strategy does. Limited treatment creates less than
1/10th the CO2 that ground water pumping does. Natural attenuation alone produces
the least CO2 of all the strategies considered. Figure 10.4 presents this data in a bar
graph.

Table 10.19 Estimated Total CO2 Emissions for Abatement Strategies (lbs.)
Carbon Producer
Passenger Car
Natural Attenuation
Vadose Zone Remedy
Ground Water Pumping
Point Source Treatment
Limited Treatment

Annual
11,450
155
1,088
44,789
86,116
3,652

Five Years Ten Years
57,250
775
0
223,945
430,580
18,260

114,500
1,550
0
447,890
861,160
36,520

20 Years
229,000
3,100
0
895,780
1,722,320
73,040

Figure 10.4 Annual and Totaled Carbon Footprint of Abatement Strategies for 5, 10, and 20
Years of Operation (Note: Point Source Treatment Totals Not Shown for 10 & 20 Years)
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11 Abatement Strategy Decision Matrix
As dramatically illustrated above, the environmental cost of a ground water
remediation strategy as measured in produced CO2 emissions is directly related to the
energy it requires. None of these systems prevent more CO2 emissions than they
generate. It is difficult to quantify the environmental benefit of removing contaminants
from an aquifer, so the environmental cost benefit analysis suffers as no true accounting
of environmental costs compared to environmental benefits is possible. Nevertheless, it
is clear that the less energy a system requires, the smaller the volume of CO2 emissions
generated. From an environmental cost standpoint, a treatment system that requires less
energy and achieves similar contaminant mass removal is preferable. The investigation
of the application of reverse osmosis technologies to treat water shows this system is
significantly less energy efficient than simply replacing the water source (ie drilling a
new well outside the contamination plume). A RO system that treats water put to no
beneficial use is essentially a very environmentally costly strategy to remove
contaminant mass from the aquifer; a system that merely pumps water and disposes of
it rather than treats its almost certainly more environmentally beneficial. In all cases, the
least “environmentally costly” system (by CO2 creation standards) is the simplest one.
Natural attenuation and monitoring is lower cost than contaminant removal through
pumping for an industrial use, which has a lower cost than a point source treatment
strategy.

Environmental cost is not the only concern when choosing an abatement
strategy, and it is difficult to quantify in relation to benefits of any given abatement
strategy. Therefore, a decision matrix that takes into account a number of values and
allows for a relative ranking of possible abatement strategies is considered a superior
decision making device than environmental costs and benefits alone.
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In their regulations, the NMOCD mandates that abatement strategies are
protective of:
x Public health

x Property

x Freshwater

x Safety

x Environment

Individual site characteristics will of course dictate how any of these values are
protected. A site that is located near a domestic water supply endangers public health in
a more marked way than one with a contaminant plume no where near any other well.
As a basis of evaluation, Table 11.1 presents characteristics known at Site A that may
assist in ranking possible abatement options.

Table 11.1 Site A Characteristics

Characteristics

Site A

Supply Wells at Risk
Use for Potable Water
Depth to Water
Extent of Contamination
Hydraulic Conductivity
Type of Aquifer

None
None-limited
55'
<1,000' in length
20-50ft per day
homogeneous sand

Type of Contaminant

Dissolved Solids,
some hydrocarbons

Vadose Zone Remedy Installed?
Leak at Surface
Site Location

Yes
Stopped
Over 15 miles from
urban setting

Electricity present
Use for Industrial Water
Security concerns
Landowner concerns
Regulatory concerns
Surface Water Nearby

Yes
limited
Yes
Yes
Yes
No

Choosing an abatement strategy calls for evaluating the individual characteristics
of the site, contamination, and possible abatement options. At Sites A, regulatory
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compliance and the belief that there was a beneficial use for treated water drove the
decision to place a point source treatment system at the site. This system, as shown
above, comes at a high environmental cost due to its electricity consumption. While it
may not be possible to create a decision matrix into which one can input all the site
characteristics and have the best abatement strategy pop out, knowing certain site
characteristics and abatement goals can help make choosing an abatement strategy
easier. Based on literature regarding fate and transport of contaminants, experience
gained in this investigation and regulations applicable to ground water impact in New
Mexico, the following suggestions were culled for choosing an abatement strategy.

As noted above, ground water impact is present at Site A and regulations and
landowner liability call for a response. Nevertheless, no ground water supply well is at
risk, the site is remote and the relative extent of the plume is small.

Using the five categories requiring protection noted in NMOCD regulations and
the information about Site A given above, the five abatement strategies were rated
according to each value, presented in Table 11.2 and discussed below.

Table 11.2 Applying NMOCD Values and Site A Characteristics to Five Abatement Strategies

Strategy
Natural Attenuation
Vadose Zone Remedy
Ground Water Pumping
Point Source Treatment
Limited Treatment

Public
Health
0
0
0
0
0

Freshwater

Property

Safety

Environment

Totals

1
2
5
3
4

1
2
4
3
5

5
4
1
2
3

5
4
2
1
3

12
12
12
9
15

Public Health
Ground water contamination does not present a threat to public health as there
are no nearby supply wells to impact. Thus all strategies are considered equally
protective of human health and assigned a value of 0.
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Freshwater
Since ground water pumping is the most aggressively protective of ground
water, it is rated highest. Natural attenuation alone, the least proactive approach to
ground water impact abatement is rated lowest and the vadose zone remedy alone is
only just above it. Assuming the point source treatment and the limited treatment
options operate at equal removal rates, the limited treatment option was rated better
than the point source treatment option because its system is more complicated and thus
deemed more likely to fail or be the target of vandalism, and so a greater risk to
freshwater via accidental spills on the surface than the limited treatment option.

Property
In this category, natural attenuation and the vadose zone remedy alone received
the lowest scores because they are the least proactive regarding ground water clean up.
The limited treatment option scored best as it offers some remediation of ground water
without requiring frequent maintenance visits or a lot of bulky surface infrastructure to
operate. The ground water pumping and point source treatment options were
considered less desirable given the required maintenance visits and infrastructure on the
surface. Potential system failure is considered a threat to property as it may cause
additional releases of brackish or saline water at the surface.

Safety
Strategies are rated based on required maintenance, as additional maintenance
equates to additional trips to the site and increased risk of accidents. The most
maintenance demanding, ground water pumping, was rated the lowest for safety to the
lowest maintenance strategy, natural attenuation alone, which is rated the highest.

Environment
In this category, the strategies were ranked according to their carbon footprint.
The strategy known to create the largest carbon equivalent emissions was rated lowest
and the strategy known to create the lowest carbon emissions was rated highest.
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Using the NMOCD values above, the limited treatment strategy scored the
highest, and three other strategies tied for the second most desirable strategy: natural
attenuation alone, natural attenuation and a vadose zone remedy, and ground water
pumping.

During the course of this investigation the following values were also identified
as highly influential in abatement strategy selection:
x

Regulatory feasibility

x

Contaminant containment goals

x

Liability

x

Cost

Even if a category scores very well in all other categories and is not feasible due to
regulations, it cannot be installed. These values are rated and discussed below.

Table 11.3 Applying Other Values and Site A Characteristics to Five Abatement Strategies

Strategy
Natural Attenuation
Vadose Zone Remedy
Ground Water Pumping
Point Source Treatment
Limited Treatment

Regulatory Contaminant
Liability
Feasibility Containment
1
1
1
1
2
3
3
5
4
5
4
2
4
4
5

Cost

Totals

5
4
1
2
3

8
10
13
13
16

Regulatory Feasibility
In the case of Site A, the regulator specifically requested a point source treatment
system at the site, thus, the point source treatment system is scored highest. As ground
water pumping system would require permits from the office of the state engineer to
pump water at necessary levels as well as permission from the NMOCD, it is not known
how feasible it is, and thus it scored lower than the limited treatment option. Natural
attenuation alone and natural attenuation with a vadose zone remedy are considered
unlikely to be acceptable to regulators and are both assigned the lowest score.
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Contaminant Containment
This value is relative to operators and regulators, and may mean different things
to different people. Here it is assumed that the contaminant containment goal was to
completely remove the contamination and cut off the contaminant plume. Thus, ground
water pumping was rated highest. Point source treatment and limited treatment will
remove the same amount of contaminant from the aquifer and so are rated the same just
below ground water pumping. Natural attenuation is rated lowest, and the vadose zone
remedy is rated only slightly better. If the contaminant containment goal was not to
remove the mass of contamination and completely cut off the plume, but rather to
simply shrink the plume, the point source treatment and limited treatment options
would rank higher than ground water pumping, as it over-shoots the goal.

Cost
The cost of a strategy, while not being a concern to the regulator or the
landowner, does affect the operator responsible for funding it. Therefore, in this
category, strategies are listed with the cheapest strategy ranking the best and the most
expensive category ranking the lowest.

Ranking Strategies for Site A
In both the NMOCD value table and the “Other” values table, the limited
treatment option ranked the best. Adding scores from both values tables yields the
following results.

Table 11.4 Total Values Assigned to Each Strategy from Tables 11.2 & 11.3

Strategy
Natural Attenuation
Vadose Zone Remedy
Ground Water Pumping
Point Source Treatment
Limited Treatment

NMOCD
Value Totals

Other Value Totaled
Totals
Totals

12
12
12
9
15

8
10
13
13
16
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20
22
25
22
31

While limited treatment scored best overall, the ranking of the other strategies is
very close. Adding the results of both tables breaks the tie seen in the NMOCD value
table. Ground water pumping ranked 2nd overall, followed closely by the vadose zone
remedy and the point source treatment option, which tie for 3rd. followed closely by the
vadose zone remedy and natural attenuation. When totaling the scores, natural
attenuation alone ranks lowest among the considered strategies for Site A.

The decision matrices illustrated above are considered a flexible and reasonable
way to evaluate abatement strategies for a given site. It is recommended that values
mandated by a regulatory agency be included, and it is possible to include other values
deemed influential in the strategy choice as well. If possible, values should not over-lap
such as to double count one value. While this investigation was limited to five
abatement strategies, others could have been included for this site. In any given
situation, all possible abatement strategies should be listed and ranked according to the
chosen values. If five abatement strategies are considered, they should be ranked from
1-5 for each value, 5 indicating the strategy that best meets the desired outcome for that
value and 1 indicative of the least desired outcome. Abatement strategies that yield the
same level of protection or harm to a given value can be assigned the same number. As
rankings are subjective, it is possible that given the same strategies and values, different
operators may come to different ranked conclusions. To allow for ease of
understanding, the chosen ranks should be explained briefly, as they were above, so that
a reader can follow the logic, even if he or she disagrees with the conclusion. The
process of ranking each strategy’s ability to honor each value and then explaining the
choices helpfully forces operators and regulators to consider why one strategy was held
in higher regard than another. The very process of explaining choices will very likely
promote reconsideration of assigned ranks.

The use of a decision matrix like this is recommended to formally integrate
consideration of the environmental and social impacts of possible abatement strategies.
Presenting the decision matrix and logic to regulators may aid in streamlining review of
submissions and present a better case for a chosen strategy.
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Should, however, an operator believe that an RO system will yield benefits
commensurate to or greater than its environmental costs, the following tables have been
developed based on professional experience to help characterize the relative
environmental benefits of a system and the relative ease of designing and implementing
a system.

In the first table, seven characteristics of the site and system are presented, with
relative environmental benefits of good, moderate, low, and very low associated with
each one.

Table 11.5 Decision Matrix to Evaluate Relative Environmental Benefit of a Point Source
Treatment System
System Characteristic

Relative Environmental Benefit of System
Good

Moderate

Low

Very Low

Use for Treated Water

Replaces potable water
for beneficial use

Applied to beneficial
use not otherwise
demanded

Injected into
Aquifer

Disposed of

Contaminant Mass
Removal

Returning aquifer to
standard in less than 2
years

Shrinks contaminant
plume in 1-2 years

Contains
contaminant
plume in 1-2
years

Insufficient to
contain plume
in less than 2
years

Waste hauled rarely and
Waste hauled often
put to beneficial use (line
and put to beneficial
flushing/road
use
maintenance)

Waste hauled
and disposed
rarely

Waste hauled
and disposed
often

Waste Handling
Monthly Electrical
Demand of System

less than 500 kWh

500-1,000 kWh

1,000-10,000
kWh

greater than
10,000 kWh

Required Maintenance
for System

monthly

weekly

3x a week

daily

within 10 miles

10-20 miles

20-50 miles

greater than 50
miles

Proximity of System to
Office
System Requires
Heating in Winter

no

yes

Here, an operator or regulator could consider environmental costs of a system by
circling the system characteristic that most closely matches the proposed site of RO
operation. A value is assigned to answers in each column thus:
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Good = 1
Moderate = 2
Low = 3
Very low = 4

The total score for any given site can help evaluate the relative environmental
benefit of the system. In general, scores of 7-11 indicate a system that will yield a good
environmental benefit. Scores of 11-18: moderate, 19-27: low and greater than 28: very
low environmental benefit. Scores greater than 19 should cause operators and
regulators to question the needfulness of an RO system for this site.

The table below can assist an operator in assessing the ease of designing and operating
an RO system.
Table 11.6 Decision Matrix For Relative Ease of Point Source Treatment Operation

Characteristic
TDS levels
Hydrocarbon levels
Depth to water
Well productivity
Well Casing size
Electricity available

Easy

Moderate

Hard

Very Difficult

less than 1,500

1,500-4,000

4,000-10,000

greater than
10,000

less than 2
mg/L

2-20 mg/L

20-50 mg/L

more than 50
mg/L

less than 25 feet

25-60 feet

60-120 feet

greater than 120
feet

unlimited
4" or greater
yes

5 gpm
2"

1-2 gpm

less than 1 gpm
less than 2"
no

Site Location

within 10 miles 10-20 mi from 20-50 mi from more than 50 mi
of office
office
office
from office

Distance to Waste
Disposal

within 10 miles
of site

10-20 miles
from site

20-50 miles
from site

more than 50
miles from site

Maintenance
Available

daily

3 times a week

weekly

more than 7 days

RO Recovery
Required

25%

35%

50%

greater than 50%

Here, answers are scored:
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Easy = 1
Moderate = 2
Hard = 3
Very Difficult = 4

System design and operation difficulty is then estimated thus:
A total score of:

10-16 = easy
17-26 = moderate
27-36 = hard
greater than 36 = very difficult

Site characteristics with total scores greater than 27 are indicative of a RO system
with design and operation demands that will create considerable obstacles. Operators
and regulators should give careful consideration to the likelihood of success of the
system and may want to consider adjusting expectations or requirements to ease the
possibility of system operation.

As shown above, there are numerous ways to evaluate an abatement strategy
and even in instances when the same decision matrices are employed, different users
may well come up with different selections. The value these matrices provide is a
concrete way to think through all regulation mandated priorities as well as individual
operator values. When all possible abatement strategies are considered by an
experienced professional with good knowledge of site characteristics, using the above
decision matrices, the chances are good that an abatement strategy that reflects respect
for the environment, resources and society as a whole will be selected.
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12.0 Conclusions & Recommendations
As the investigations presented above show, ground water impact may be
addressed in a number of ways. As shown in Sections 2-5, the characteristics of a site,
contaminants, and regulatory concerns all drive the process of responding to ground
water impact. While choosing an abatement strategy is not easy, it is an important
process that not only impacts the fate of ground water contamination, but can also
influence public health, safety, fresh water, property, and the environment at large. In
Section 6, a specific case study was presented to give context for how ground water may
respond to produced water impacts and what can be done to lesson these impacts.
While there are many uncertainties associated with any abatement strategy, the case
studies examined provide an opportunity to consider how five abatement strategies
might operate in a real world example. Section 7 explains the expected results of natural
attenuation alone, natural attenuation and vadose zone remedy, and ground water
pumping to remove contaminant mass.

In Section 8, the design, installation, and operation of a system that creates
potable water shows a relatively involved yet remote treatment system is possible. The
system described was installed to meet a regulatory request and has operated
successfully for three consecutive months at the time of this writing. Sections 9 and 10
provide an evaluation of the economic and one way of accounting for environmental
costs of five ground water abatement strategies. In the case study examined, natural
attenuation alone will require 12-20 years to bring ground water quality back into
compliance with ground water standards, and a vadose zone remedy coupled with
natural attenuation will likely take 4-16 years to achieve ground water standards. The
ground water pumping strategy necessary to capture all of the contaminant called for
the installation of 4 wells and the extraction of over 5,000 gallons of water each day,
requiring daily waste hauling. Even though ground water pumping should cut off the
contaminant plume and remove the mass of contaminant from the aquifer, it would
need to operate for 4-16 years, until such time that the vadose zone remedy takes effect.
The ground water pumping strategy would cost $66,500 to install and over $6,000/year
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to operate. It annually generates carbon dioxide emissions equivalent to 4 passenger
cars on the road for a year. The point source treatment system considered would cost
about $45,000 to install, $4,400/year to operate, and annually generates as much carbon
dioxide as seven passenger cars on the road for a year.
Of all the strategies considered, the one that did the best when subjected to the
proposed decision matrices was a limited treatment for industrial use option. In this
scenario, impacted ground water is extracted and minimally treated to allow for
industrial use. This strategy scored well on the decision matrices employed because it
provides some level of ground water impact abatement while keeping environmental
and economic costs relatively low. The limited treatment strategy allows operators to
address regulatory concerns and accelerate impacted ground water abatement with a
system that requires very little energy, maintenance, or surface disturbance and creates
no waste. This and other abatement strategies could be further improved by employing
alternative sources of energy by using solar or wind driven pumps.
Since every site is different and all abatement strategies come at some fiscal and
environmental cost, they should be selected based on a carefully considered list of
values derived from regulatory mandates, operator values and site characteristics. The
process and decision matrices discussed in Section 11 are recommended for selecting
abatement strategies once the characteristics of a ground water impact site are
sufficiently known. Suggested values include:
x Public health
x Freshwater
x Environment
x Property
x Safety
x

Regulatory feasibility

x

Contaminant containment goals

x

Liability

x

Cost

124

All possible ground water abatement strategies should be included in a decision matrix
that considers these values and a written account of reasoning for ranking of strategies
for each value should be created to allow others to follow the logic.
The lessons learned in this investigation could be applied to a number of ground
water impact sites in southeastern New Mexico. The economic and environmental
analyses presented show that generally, the higher the fiscal cost of an abatement
strategy, the higher the associated environmental cost will be as well. Rather than
installing fancy, costly, and high maintenance abatement strategies, it appears that
operators and regulators would do more to protect human health and the environment
in New Mexico by applying reasonable abatement strategies to as many ground water
impact sites as possible as quickly as possible.
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